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under the \ague and obscure term '‘Manots cirrhosis” 
Many ■were due to congenital obliteration of the bile 
ducts and a feu to jrortal or Laennec's citrhosis and 
to toMC cirrhosis 

A btud\ ol the histojiathologj ol the cases from 
Ldmhurgli along uitli those of Infantile Cirrhosis’ of 
India IS undertaken m order to determine if the latter 
disease is jiccuhar to India oiiK and if it is not so to 
find out the possibilits of a common etiological factor 
responsible for these cases 

Tarle of Disuruers or iiiF Li\er from the Po'^tmoktfm 
Record of the Roial Hospital for Sici Children, 
EuiNDercn, from Januvri 1927 to Dlcfjjder 19-)0 
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, Matcrial \M5 Methods or Study 

The malcnal for studs consisted of sections from 
sixteen cases six from India and ten from the Roiail 
Hospital for Sick Qiildren, Edinburgh Tliough tlic 
mortality rate for ‘Infantile hilian' arrhosis’ is great 
in Calcutta (700 deaths or more per jear) and IMadras, 
tliere is scarcity of post mortem niatenal Of the six 
cases aiailable two were obtained from Pathologi 
Department of the Mzagapatam IMedical College 
through the kind permission of Prof Bhaskara Menon, 
and tlie other four were supplied by Prof Rama- 
chandra Rao of the Madras Iiledical College These 
sections were fixed m formalin and presented m 
glycennc and water 

Of the ten cases froRi the Rojal Hospital for Sick 
Children, Edinburgh, one was an authentic case of con- 
genital obliteration of bile duct, and the other nine cases 
of cirrhosis of obscure etiolog) in children under two 
years of age Paraffin blocks for eight of these cases 
and section of the liver and other organs stained witli 
haeniatox} lin and eosin m the case of the remaining 
two w'ere placed at my disposal by Dr MacGregor 


\ol x\t1i Ko.1 
OCrOBEIl, 1019 

Stainixo ^MeruoDS Used 

(1) I'or routine stTining Me\crs acid alum 

haeniatoxjhn and cosin 

( 2 ) Fot conntrtKc tissue Hcideiilnm’s Azan 

method ' 

(31 Xerhcofl’s elastic tissue stam 

(4) Sudan III counlcrstained with haemato\\ lin 
for fat 

(31 Dobells modification of Lcvaditi for spiro- 

chactcs 

(6) Koppcleoft and Bcimiann s modification of 
Gram s method for Ixictena 

( 7 ) Foot Hid Menards technique for reticulum 

Six of the sections from Indn which were 

presened in ghceniie and water were wnshed m 
water lor 48 liours and jiostfixed in Hell} s fluid 
before embedding in paraffin 

AIorbid Ax \tomy and Cytology of the Liver 

Case J — V \ rcmale infant Aged 2 Ncara 

Post-mortem Morbid analoiin — Smooth capsular sur- 
face Edges sliarp Uniform bile ^taming of the parendijina 
on section Sclerotic thickening of tlic larger portal 'piccs 

Hts'Qlog \ — The paraiclii-ma is penneated with bands of 
wavj fibrous tissue isolating the hepatic cords into groups 
of rarjnng size. In places the collagen fibres liavc insinuated 
themscUcs in between indixiduat lucr cells giving the whole 
field the appearance of intcrsitial cirrliosis The parencli>Tnal 
cords arc widclv separated b> the gaping ‘inusoids and manj 
of them show degenerative changes and vacuolation. The 
lutclci arc faiiUK stained, the cvtopla'm granular and eosino- 
philic Die potential Inmcn in the hepatic cords is filled in 
places bj a plug of inspissated bile. In sections from different 
parts of the liver the microscojncal changes are slighti} 
dilTcrcnt, the islands of re-generated liver cells being larger 
and degeneration less pronounced Here and there among 
the degenerated liver cells oval or rounded islands oi paren- 
chjaiia! cells arc found to be in various stages oi necrosis 
The hcalthv cells around such islands are compressed and 
stretched over them a condition suggesting an oedema of 
the involved cells prior to Aeir disintegration There is 
moderate infiltration with polymorphs and Ivinphocvtcs in the 
necrotic debris 

Bile Ducts Proliferation of bihar 3 eanahcuh vanes in 
diffcrail sections Numerous long and tortuous or short and 
tubular bile ducts arc embedded in thick Wade lands oi cellular 
fibrous tissue In other parts, the fibrous tissue bands arc 
devoid of anv proliferated bile duels The ducts m tlK 
portal tract arc unaffected their lining epitlichum bemg 
hcalthv and there is absence of anj infiltration with infiam- 
matorj cells A few of tlic proliferated bile ducts contain 
insipissated bile, shovvang a direct continuitv with healthv liver 
cells 

Hcjatic } cm Branches of the hepatic vein are scarcelr 
to be seen m the section but wherever tliev arc found thev 
are seen to be surrounded bv dense fibrous tissue and their 
wells arc thick and sclerosed A few of the larger branches 
show cndophlcbitis and infiltration of the mtinia with inflam- 
matorv cells Hepatic terminals are scarce, their w'lls being 
mvolvcd in similar sclerosis with obliteration of the lumen 
The parenchymal cells around such central veins have com- 
pleted disappeared, being replaced bv cellular fibrous ti-,suc. 

The Portal Tracts There is no marked increase of 
fibrous tissue m the Ghsson s capsule There is no pcnductal 
sclerosis The hepatic artery and portal vein show no notice- 
able change. There is slight fibrosis of the penphery of the 
lobules in the region adjacent to the portal tract which tends 
to magmfy tlie apparent wudth of the tract 

As the histopathology of infantile cirrhosis or India has 
been frequently described by vanous wnters, it is considered 
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Fig 5— Liver of Case YIII Shoiving moderate proli 
femtion of biliary canaliculi in n dense network of 
fibrous tissue. H — Islands of persistent haemopoiesis 


Fig G — Liver of Case IX showing the longitudinal 
section of a central vein with marked thickening of 
its wall The parenchyma around replaced by dense 
fibrous tissue hepatic cords and attenuated 
H and E x 275 
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Fig 7 — Liver of Case X. Highly cellular fibrous 
tissue 18 seen to extend from the thickened wall of a 
central vein, and to permeate between hepatic cords 
The picture is characrenstic of interstitial cirrhosis 
Aran x 300 




Fig 8 — Liver of Case XVI with congenital oblitera 
fion of bile duct Numerous raiiltinuclented liver 
cells are seen B Inspissated bile in the lumen of the 
hepatic cords N Necrosis of parenchymal cells 
H and E X 300 
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tnat dc'cripttcn hi'tological findings in the other five 

' 01 in<’an dc til aiy arrho'i' from Ind a is not necc”ar} 

Case T — fC, Male infant, aged 5 weds 

L.vr 'Iccro.cn;- c o/’/'coro) re— SligntU enlarged, and 
firm lien cut Project ng from the sunacc \ ere a number 
0 nedj’c t h co'rc‘i-onded in cjl ‘cction \ ith regentrat- 
in" li e' ti”!.'- Idand oi normal parcnchvnia were dis- 
nl ted irre'’uljit i a deepP bile stained fibrous rratri-v. 

0 11 !d M r con aired a 'mail amount oi bile and the oects 
f'c ],atcn 

ViiTircr/i nratovn — The normal parcnchvmal architec- 
tt n It c'^mpl'-'el d iced In InriP of loo‘c higblj cellular 

1 hr''" ti i: I Inch (rri'ck^ an 1 I'oletts ptcudolobules of 

n "<-i ■'r it'd p rac’-Mni ne well it mall grotips ot Iictiatic 
r )rd‘ nn I edit The cjtoph'm of tic parcnchvmal 

rri/c n gr-Tidar tinmhted and irmrnbh tho«t the prc'crcc 
< I Iiile \ "men Here and there mattes oi li er cells are 
1 Tp m iitrro n ilisir c topla^m disinlogratinc into 

(ri'ilar I ill It lin'd d 1 rn and llitir mrlei slmwine 
1 ir'orrl ' i' "rd h i resulting in the cnllap'C oi the *inu 

' hi retrili’ii In tli' e arms thc'c is great proliferation 
o^ bill tj nmli uh s Inch \ar\ in their clianctcr from 

‘tin t te eh 'h resci dime h'pitic ros<’s to tho'c of utU\ 
d t'I'i'd f h’n fTi-cit I’hif ' of insiu sated hilt tre fo nd 
m t! ht stir fi rd s ell Os m omc of the newK formed 
h If e-iii hriili Th (ifrtal Imris do no show ane definite 
t o 1 ' m ‘■'tins tv SIS rji- j ud do ed inflamnn ore celts 
TI S' f'lr'iclii 1 1 of ji|r lulf duct IS inttet ard the lumen 
i ( 1 1 Th I ' ml 'it the hf-|'ati'' vein sho\ sliplu fihrnsis 
ff ilcir \ ill 'I 1 ih -( I ilmlit hut sppareti infiltration of 

*' ’I >!l bs In,' '\lf' endothehiid cells and sew few 

1 ' sir 'h f"' fl s t rsfi itsr tiirmsrf re r.ti rr\rr1 in llin 


atrophv in a liter which shows cmdcncc of slow It progressing 
toMC cirrhosis 

Case 0 — ^J^V ?>Iale iniant aged 6 weeks 
'\ta,,roscoetc af'l'iCsranCi — Liter shffhtit smaller than 
normal Colcxir deep green surface finch granular and 
consistenct fiTH It was rather tough to cut and the ait 
'unacc suggested fine monolobular cirrhosis Gall bhrtdc'' 
normal C stic and common bile duct t\ ere pa ent 

^ftcroseoptc apl'^ar'nec — TIic parcnchvma is broken up 
into narrow tortuous columns and into small gre tps of cells 
In cellular and den'c conncclite tissue Tlic normal lohuhr 
piattem is compktclt lost Hen. and there snnll clumps oi 
cells surro inding the thielciied central tun hate umkrgoie 
nuro IS and the transformation oi the simjcoids into lajnl 
lanes can l>c made out The paraichtnnl cell-, are loadcil 
with coarse and fine granules of greenish tcllow Ink jngment 
Plugs of bile thrombi fill up the potential lumen m the lapa'ic 
cords The outline oi the cells is indi tiiict and the cttoplasm 
granular and vaaiolatcd Mitosis of Celh and rscimratinn 
of lobules of liter cells arc absent 

Portal tract There is moelcratc incrnsi ,i, the fibrous 
tissue of the portal tr’ct The hepatic arten ami iiortal tern 
arc normal The bile ducts arc liciltlu their lumen Ik mg 
patent and the Immg epitl dial Cells in'aa aid nomnl Then 
IS 'omc proliferation of the Iidiarj canaltciili in tlm reeii n 
adiacent to the portal tract and a few of thnn ari distended 

watlf plugs o^ inspissated bile 

Kiipflcr cells sliow moflcra c proliferation ^fa^l of 
tl cm contain fine gramiles of bile pigment in thrir etdophsn 
while m o 1 rrs tlic nuclei arc tlongalefl and spmdk shaiTd 
and represented a rra<knl transformation of these cells in‘o 
fil r'h'asts 
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IS dccplj pigmented with bile, and their nuclei arc irregular 
in sliapc and distribution and has affected single cells and 
isolated cords, but these iialchcs of necrosis seem to bear 
a closer relationship to tlic hepatic \cnous tree and its 
tcnmnals than to th_c portal tract 

Portal tracts show a slight increase of fibrous tissue of 
a qcllular character The hepatic arters and the portal \cm 
are normal There is a delniite but not marked, proluera- 
tion of bile ducts The lumen of the ducts arc patent, and 
tlierc IS no mffammatorj cell inhltration 

Hepatic \cnous tree 'hows a moderate tluckcmng of its 
wall, and this change has affected the hepatic tcmimals 
(central acins) as well Narrow bands of fibrous tissue can 
be 'ccii to proceed from tlic central \cm uito the surrounding 
tissue. In the larger branches of the hepatic \cm there is 
a slight round cell infiltration of the wall 

The Kupffer cells arc immcnselj swollen, poKanorpliic 
and arc stained greenish jellow with bile 

Case — M C Tcmalc infant, aged 10 months 

Macroscof'ic appearand . — The liter was smaller than 
aterage, suffacc nodular, and of a light ><.llowi'h browai 
colour It was tough to cut and on the surface could Ir seen 
numerous firm nodules separated bj fibrous tissue. Gall 
bladder and ducts were normal 

Mtcroscoptc appearance — Narrow bands of fibrous tissue 
cvtaiditig from portal tract to portal tract has divided the 
parenclnma into islands of \arjing sizes Extensitc fattj 
cliangc lias affected most of the liter cells tliroughout the 
lobule The cftoplasm and nuclei arc well stained Tlicre 
are no areas of necrosis No hj-ahne cliangc recorded bj 
Mallorj as being characteristic of portal cirrhosis can be seen 
111 the neighbourhood of the Glis'ons’ sheath 

Portal tract There is a slight incrca'c of fibrous 
tissue m the portal tract, and this extends bet end, the capsule 
to link up wath the adjacent jHirtal tracts The resulting 
picture IS that of a multilobular cirrhosis The wwtls of the 
portal veins arc relaxed and the lumen is distended with 
red cells There is no sclerosis of the portal tein or hepatic 
arterj The bile ducts arc patent and hcaltlij Proliferation 
of the bile ducts is slight A few inflammatoo cells can 
be observed in the portal tract and in the parenchvana abut- 
ting on It Islands of regenerating liver cells arc scarce, 
but a few such islands containmg multi nucleated liter cells 
and cells showing mitosis arc seen 

The sinusoids arc collapsed and empty 

The Kupffer cells arc impregnated with finclj granular 
bile pigment 

Hepatic venous tree shows no thickenyig of the coats 
and there is no inflammatorv cell infiltration 

Case IS — Female infant, aged 3 montlis 
Morphology — The liver was greatlj enlarged, light 
3 cllotvish green in colour with a finely nodular surface. It 
had a firm consistencj, was tough to cut having a sharp 
edge, and the cut surface suggested a monolobular cirrhosis 
Gall bladder was healthy and contained bile. Tliere was no 
obvious obstruction in the bile ducts 

Histology — Loose cellular fibrous tissue extending from 
the portal tract lias encircled masses of liter cells, isolating 
them into lobules, Tlicre is some invasion of the lobules b) 
fine strands of collagen fibres, but it is nowhere so extensive 
as to distort tlie parcnchvmal pattern J.Iost of the liver cells 
show marked fattj degeneration, a few are necrotic. Plugs 
of bile thrombi are seen m between the hepa ic cords A 
few of the liver cells and Kupffer cells are loaded wath bile 
pigment 

Portal tract There is moderate increase of fibrous 
tissue* of a spongj and cellular tjyie in the Ghsson’s capsule. 
It extends from each portal tract to the adjacent ones in 
narrow bands in which are numerous proliferated biliarj 
canahculi Lymphocj’tic infiltration m these fibrous bands is 
slight The artery, veiil and duct arc normal There is no 
thickening or sclerosis of the coats of vessels The lumen of 
the bile ducts is patent, but many of the newly -formed 
biliary canahculi contain mspissated bile The hepatic vans, 


and the central veins do not show any abnormal clianges 
There IS no phlebosclcrosis nor endophkbitis 
Case — J N Female infant, iged 1-1 v eel s 

Macroscopic appearance — The liver was much enlarged 
greenish vcllott in colour, with a finelt granular surface fts 
consistciict was firmer than normal, cut v illi resistance and 
the cut surface indicated a shgh increase of fibrous tissue, 
\ few nodules of jcllot liter 'pbsiancc stood out clcarK 
Gall bladder was normal and contained bile. The duct' were 
pataiL 

Microscopic appearance — The parenchvma i' oedematous 
with great di'tcn'ion of the Itmjih 'pace of Disvc, and 
collap c of the 'iiiu'oid' Many of the cells appear rather 
foamy and the differaitiation between individual cells is more 
marked than normal Most of the nuclei are well stained, 
but here and there some of them 'how karvorrhexis and 
lysis An occasional bile thrombus is 'cen in some of the 
hepatic cord' A few wadely distributed foa of haemopoiesis 
arc revealed on clo'c observaition 

GIl'soii ' Sheath There is a slight increase of fibrous 
tissue of a loo'e and vaiscular character witlii scanty roimd 
cdl infiltration The arteries, \cins and due's ajipcar normal 

Tlic hepatic vein shows no definite change of the wall 
and the caitral tern' arc normal 

Tlic notable feature of this ease is the great distension 
of the Itanjili space of Disse, collapse of the sinusoid and 
the change of tlie reticulum of the siiiusoid' to collagen as 
observed with sjiccific stain. 

Case 15 — “V W Male infant infant, aged 1 week' 
Morpholpg \ — Size normal Bright ycllott in colour 
with red mottling \pptarcd to be marl cdly fatty 

IIisloIpg \ — There is extreme fatty degeneration of the 
parencliymal cell' The ardiitectiirc of the liver is well 
preserved The fattv cliange has involved all the parendivmal 
cells and is of uniform distribution. No areas of necrosis 
or round cell mfiltration arc noted. The cvtoplasm and nudei 
arc well stainal The portal tracts show a great increase 
in fibrous tissue Tins incrca'e is chicfiv periduetal, and 
follows the ramifications of tlie proliferated biliary canahculi 
A fair number of lympliocvte' polymorphonudcars, co'ino- 
pliiles and plasma cdls can be made out in the sclerosed 
periductal fibrous tissue, and in the cdlular fibrous tissue 
followang the track of tho- proliferated biliary afferen s The 
portal veins show no abnormal change, but some of the hepatic 
arteries show an adventitial thickening There is a slight 
thickening of most of the hepatic terminals and a pcnartentis 
wath great narrow mg of the lumen of hepatic arlenes There 
IS just a suggestion of collagenous transformation of the 
sinusoidal reticulum fibres at the centre of some lobules 
This IS probably an early ease of cholangitis Iciita desenbed 
by Naunvai and St Klan, where there is diffuse peridiolaii- 
gitis but where the pcnductal sclerosis has not yet brought 
on any biliarv stenosis or stagnation of bile 

Cast. l6 — T P Male child, aged 8 months 
Morphology — The liver slightly enlarged Bile 'tamed 
to n deep green colour Surface coarsely granular Section 
showed dense fibrosis m a close net work. Gall bladder was 
absent Only a mass ot fibrous tissue was seen Ivang at the 
posterior end of the gall bladder foss.a. There was no 
common bile duct The condition was congenital obliteration of 
the biliary passages 

Histology — ^The structure of the liver is not upset to 
anv remark-able extent The central veins are patent, and 
there 1 ' no necrosis at the centre of the lobules but numerous 
liver cells scattered throughout the lobule 'how ictenc 
necrosis Their cytoplasm is granular has taken the greornsn 
yellow tinge of bile and their nucla have disappeared. Tliis 
wide-spread necrosis of isolated hepatic cells in the lobule 
has resulted m a certain amount of interstitial or intercellular 
fibrosis Tliere arc numerous giant liver cells resembling 
foreign body giant cells wath ten or more nuclei in them No 
mitosis 15 seen Mffierever there Is necrosis of cells polv- 
morphomiclcar Iciicocvtes are much in evadence Portal tracts 
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sM a crcal mcreasc .of fibrous tissue, v hich has resulted 
in n.arT'cd narros ng of the lumen of the portal scm. The 
absence oi norma! bile tfucts m tlic GIi«sons ‘heath in‘,n c 
o) tJi- tTKiriii'jus inrrca'c of proliferated hihan caralicuh is 
no Cl orthj Here an^l ihcrc bands of fih'ous tissue bridge 
across adjacent fiortal tracts dcstrosing the normal arch tenure 
of the ii,.rcnchMna to some extent. Tlic specific connectnc 
ti j nin (knoll trates the compact bu idles ot hbrous tissue 
irrcjularl di ,< ‘cl in tne i>ortal tract, from which (khcatc 
n ids of c(i"incii c tissue iicrmcatc into the ncighboumig 
bbilt ibn" (he course of the sinu'siids There is lArtar- 
I Ills 111 nuiK in (if til lumen of lb'- hcjntic arten 


No altcraUon is 'cen in the hepatic serous tree. There 
IS no thdenmg of its brandies, nor is mere nnj increase 
ol fibrous tissue in the adjacent region. 

Tl ere Is increase of biliarv caiialiculi in the portal tract 
A few arc brand cd and tortuous slim mg ancun ‘mal dilata- 
tions plugged with msp ssjtcd bile It is apparent that ihcv 
are in di"tct communication with the hepatic cord winch 
drams the bile m o them but not vsitli he bi’c duct 

The Kupffer cells arc swollen and arc packed with bile 
pigmciiE 

The clinical and histopatnological findings in llit-sc cases 
arc shown in the table gn cn below 
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SY//POSIUM ON antibiotics 

A SjTiiposium oil Antibiotics i\as held at the 
Scientific Section of XXIV All-India Medical Con- 
ference, Bonilmv on 28-12-47 \Mth Dr A Enilkar 
as President ^ 

Speakers Dr B B Yonn, Bombaj — Antibiotics 
in General Medicine Dr RrnEiLO Boniin\ — ^Anti- 
biotics 111 Skin Diseases Dr R V Rajam, Madras 
— Antibiotics 111 Venereal Diseases 


Antibiotics in General Medicine 

B B YODH, Hit ns mrcs, Mucr 
Boirhay 

The niLaning of this nord "antibiotic’ is against 
living mat dial, ic that which destroys living agents 
It refers, howeier, to substances produced bj or 
den\ ed. from h\ ing cells, .which arc capable of des- 
tro 3 ing other luang cells E\cn this nieaniiig would 
include a large number of substances — not onlj peni- 
cillin, streptomycin, tjTocidiuc, gramicidui, bacteno- 
pliage, p 3 oe)’'mase, cliloropli)!!, etc, but also other 
substances sucli as 135023010 and c\cn antibodies as 
tliesc are produced b 3 luiiig cells 

The term actually is used in a restricted sense to 
denote ‘‘antiinicrobiar’ agents produced by living 
bacteria, 3 easts, moulds and other plants 

The first fundamental fact alwiit these agents is 
that the susceptibility of tainous organisms to them 
aaries considerably and a proper kaiow ledge of this 
well-worked out problem of susceptibility is essential 
Penicillin, the most important of the group of anti- 
biotics, acts against Gram-positu e bacteria generally 
and destroys some of them as the streptococcus h'cmo- 
lyticus, some pneumococci and the gonococci easily 
spirocha;{]p pallida, some leptospira, streptoliacillus of 
rat bite feier fairly easily, while the staphylococcus 
and some streptococci with greater diRiculty The 
proper dosage and tlie frequency of administration can 
only be determined by a detailed knowledge of tiiese 
susceptibilities 

From the point of view of proper treatment, there- 
fore, isolation 'or a probable clinical guess of the 
infecting organism is the' first necessary condition 

The next important fact is the quick absorption 
and equally quick excretion of the drug from the body 
The drug acts only as long as it is in close contact with 
the infecting bacteria If this contact disappears, the 
organisms, not killed, grow' agam and what is of greater 
importance especially with streptomycin, they become 
resistant to tlie action of the drug and grow m spite 
of Its presence unless the concentration is markedly 
increased by a much larger dosage 

It has also been found that young grow mg forms 
ate more easily attacked than older degenerated fonns 

These facts indicate the paramount importance of 
keeping a constant level of concentration of the drug 


m the blood throughout the course of treatment in all 
seycrc infections, and m all resistant strains of bacteria 
Whenever the nature of infecting organism is not knoyvn 
and when it cannot be isolated, it yyould be wiser to 
giyc the dnig in large doses and at short intcryals 

It is permissible to rely on less frequent dosage 
even when it is large or incorporated m oil for slow 
absorption onlv y\hcn it is definitely known that the 
infecting organism is highlv susdcptible, is easily available 
for contact wath the drug in the IkkIs , and the infection 
IS comparatuely mild and localised — as for example 
boils, small abscesses, localised cellulitis, etc. 

Ihis method of administration is not permissible 
if there is e\ idence of heavy scptic.emic infection, infect- 
ing organism is unknown or when there is an inacces- 
sible focus, sucli as osteomyelitis, infcctiye endocarditis, 
c.iienious sinus, thrombosis etc 

Considerable amount of work has been done on 
modes of admiiustmtioii The best method of main- 
taiiimg a continuous concentration is the continuous 
intravenous dn]i — the total 12 hourly dose being jnit 
m a saline flask at one time Although there is the 
drawbaik of phlebitis at the site of \enepuncturc and 
tlie necessity of constant nursing care, it is the method 
of choice — at any rate tor the first 24 to 48 hours in 
yen heayy infections, and yyhen organisms arc not 
highly susceptible After this penod the mode of 
administration may be altered 

The next imjxirtant method is the continuous 
intramuscular drip and this being somewhat ]iainful 
one per cent noyocame 20 cc to a pint of solution 
mav be added to reheye the pain Tins metliod is also 
quite useful for the first feyy days in heayy infections 

Tlie method of choice, hoyycyer, is the intermittent 
intramuscular injeetion — although a large number of 
mjeelions are required daily, 12 to 8 or 6 depending on 
the scyerity of the infection and <iensitivity' of the 
organism This is slightly painful although yyell 
tolerated on the whole 

hlajority of yyorkers come back to this mode of 
administration after trying out yarious other methods 
as the most reliable in serious cases For relief of 
pain one per cent no\ ocauie to 1 c c or local ap- 
plication of ice are useful 

Subcutaneous route is more painful and the 
absorption more erratic and hence not usually adiised 
In order to reduce the number of injections the oral 
route has been extensuely experimented upon The 
drug is absorbed from the gastro-intestmal tract, 
although the acid m the stomach probably destroys 
some of the drug This is oyercome by neutralisation 
by alkali or a protein buffer The drayyback, how'ever, 

IS that five times larger dose is required, and every 
two hours’ or tliree hours’ administration is essential 
All workers are of the opinion that the oral route 
should be used only in mild cases and yyith extremely 
sensitne organisms, or in the latter part of the treat- 
ment of a severe infection to maintain concentration 
for a longer penod 
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\ttcmpts at lo\ enng the excrctnrv rate ha\e I>een 
ina'Jc Ij\ a sininltancous administration of a competing 
chemical agent vhich vnll he c\creted h} the tubules 
and thuc present the peninllm from lieing excreted 
Tlie co'huin salt of para-amino-hippunc acid is used 
Ilcnroic aad vhich is converted In the In er into 
hi[)punc acid, orallv 20 to 30 mini tes before cacli intra- 
ininru) ir inje-clion is recommended This nn\ increase 
the 'friim leveb 1 to 8 fold 

Prolonging absorption is aimed at b\ injecting 
the dnig dneoKed in jxanut oil and Ixiesuax It docs 
‘o in tlie inajontv of ca^cs but the ab-orption is often 
irrigi hr and the method is uncertain in severe infec- 
tions It <1 niild lie re'erved ffjr mild mfc'ctions, when 
ill' iiifrriiiig org-ini m is liighlv sensitive or for pro- 
lo iging the elTe'cl after the acute ctage of a severe 
inie-clion is o creome 

I ocn! trahvent — tlig drug acts when brought 
in ibnct ront ict with the organism in infected tissnc^ 
iiid ( ( n V hen punilent m iterial is present, local treat- 
iiHiit IS evtrcmelv important 20,000 to 40,000 units 
si o ibl be introdmed in all infected cavities rnice a d iv 
ib'r .a'jiration fill llic cavities clear up This aiipilic- 

10 all sitrftci infrctions as well Instil'alion or inh''h- 
tioii of the drug m the bronchial jmssages through the 

11 telu I hi' btiii (imnentlv successful in pulmonarv 
iffictiois Sjii-cnllv constructed aerosols have Iicen 
ii'S'/l, iiid ir< attached to owgcn cvlinders One iias 
tu'-'l ij, adrenalin 'prav and connected one end vvith 
lb( tula from an owgcn cvlinder, aO.O^X) to 100,000 
mill ^dis 'lived mice being used each time 

V'" ( d\ ic i)i(^re a gevoe] pical action on the 
1 rii irbial uimoi s incinbraiie but a satisfartorv general 
ill irptmn as well Intritheral, intraeistertnl md even 
ntrivi itrunhr a'linmistr itioii arc mdicaterl m inemn- 
1 111 ml ff'ebra! irfeations when the organisms ire 
1 itivr to janudliii 


Tnere are greater difficulties vvath Streptomvan 
administration tlian with pemalhn All the pnnciplcs 
enunciated for penicillin apph to streptomvan except 
that as the excretion is slower 4 ho.irlv adminis- 
tration mav suffice Resistant strains however deve- 
lop far more frcqucntlv vvath Streptoinvcin it the 
concentration is not v>cll mam'aincd and tliat too for 
a long penod This is a real drawback in practice 
with the small quintitics now available Tlic metliods 
of administration are the same as tlio-e of penicillin, 
except that it is not vet used dissolved in peanut oil 
and heesw-ax, and is not given therefore, as a single 
dailv dose 

T\rollir.riii — A brief* reference to the use of 
Tvrothnan locallv (gramicidin and tvrevadme com- 
hined) is ncccssarv It is available as a cream and 
used as such or in suspension iii distilled water 
0 01 mg to 0 I mg per c c It is usciul in infections 
bv a vanetv of organisms n ostiv Iiowcvcr of the Grain- 
positive vanetv 

Gramicidin S or 'Soviet graiuiadin is another 
suhsmnee di-covcrcd in an anacrhic sp,oruIatmg InciIIus 
of tlic P tv pc It is ictivc against lio h Grain- 

posiinc and Grani-iu'gativ c group; oi organism and 
will be more list ml than Tvrothrem \ hcii available 

There arc still other antilrntics such ts “^^trepfo- 
thnan, Clavacin, Xotatm, Pemcillic .icid etc Gilorn- 
phvll IS obtained from fresh or dried leaves hv 
extraction witli acetone It is rclativelv non toxic Iw 
parenteral administration to human beings It jwsscs-cs 
antibacterial activities m •~(rn agmiist niain organisms 
In 110 It IS not so strong Pm top cal apphe-aliniis 
arc valieaMc m iniectul v onnds, indolent ulcers fed 
‘ores ond also m raviMes th-t are mfrcltd More 
requires to be still lio\,n 
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Antibiotics in Skin Diseases 

REBELLO 

Bombay 

From time immemorial, it has been known that 
some living organisms destroy otliers or inhibit their 
growth Pasteur and Joubert were the first to sug- 
gest that tins phenomenon of antibiosis might be of 
use in the treatment of certain infections The first 
attempt to appl> an antibiotic for tlie purpose of treat- 
ment nais made bj Emnienc and Locw m 1899 
Fleming’s discoi erj' has popularised antibiotics in 
medical therapeutics The adient of iiemcilhn and 
Its use in staphylococcal dnd streptococcal infections 
opened a nei\ field in dennatologic therapeutics 
Tliough antibiotics are now ier> hrgelj used on 
patients suffering from skin diseases, w e arc liegmiimg 
to realise that antibiotics m dennatologic practice ha\e 
a \erj' limited use and that, mainly m pjodcrnias 

The usual antibiotics that ha\e been tried in 
dermatological practice are penicillin and t} rothncin 
Patubn obtained from peniallium patiilum, has been 
tned b) me m an ointment base in diseases due to 
fungi and the results ha\e not been encouraging 

Streptomjem, produced bj a strain of Actmomjccs 
griseus, was described by Schatz, Bugie and Waksinan 
m Tanuarj, 1944 Owing to its limited aiailabilit\ 
it has not been extensnel) tried 1 haic practicall) 
no personal expcnence of slreptoinjcin liawng used 
It 111 onlv one ptient suffeniig from lupus crjthc- 
matosus dissemmatus, with unsatisfactory results, 
possibl} due to insufficient dosage In Februaiy last 
O’Learj and others reported the results of a few cases 
of cutaneous tuberculosis treated b} them Thej ga\e 
the ptients one gram per daj of a strcptomjcin salt 
in an aqueous solution intramuscularly in dnidcd 
doses Ihey gave one ptient two grams pr daj 
but the dose w'as discontinued because the patient com- 
plained of nausea, lassitude and general debility The 
total dose ranged from 15 to 128 grams The}' treated 
four cases of scrofuloderma, one of tuberculosis cutis 
colliquatna, one of tuberculosis milians disseminata 
faciei and two of lupus ^'ulga^s Those who had 
scrofuloderma and receded the larger doses of strepto- 
mycm derived the most benefit The results were 
encouraging but not v'crv^ satisfactorj They considered 
the treatment inadequate in some of the cases Their 
conclusions are that streptom)cin altliough not the 
ideal agent for the treatment of cutaneous tuberculosis 
and tuberculides, does offer considerable encourage- 
ment because of its theraputic effiaency in guinea-pigs 
inoculated with tuberculosis and because of tlie vary- 
ing degrees of miprov ement m human beings External 
and topical uses of streptom>cm have not received 
much attention due to the difficult} in getting the 
antibiotic in suffiaent quantities There are reprts 
that externally apphed, streptomyan proved more 
valuable than older remedies in certain cases It has 
been tried successfully in otitis externa and other in- 
fections due to Pseudomonas rerugmosa or in skin 
infections caused by colon baalli , , , , , , , . 

Dubos m 1939 discovered an alcohol-soluble but 
water-insoluble substance called Gramiadm obtamed 
from autoljsed cultures of an cerobic, motile, spre- 


forming soil bacillus called Bacillus brevis Gramicidin 
IS a high active agent against various Gram-psitivc 
organisms vt vitro Investiptions on the chemical 
nature and purification of this antibiotic agent bv 
Hotchkiss and Dubos showed that it contained a 
second substance knovin as T>rocidinc possessing some 
degree of activity against Gram-neptive micro- 
organisms These investigators propsed the name 
T} rothncin for designating the mixture of Uicsc two 
substances Tj rothncin being too to^lC for parenteral 
use III human beings, is employed onl\ bj topical 
application m the treatment of localised infections It 
IS supplied b} the Mulford Laboratories of Sharpe 
and Dolinic for topical application as a concentrate in 
alcoholic solution rcquinng dilution with stenle dis- 
tilled water, which gives a cloud} preparation of the 
conipiind in colloidal suspnsion since it is not soluble 
111 water Saline solution should not be used as it 
produces a precipitation of the compound and prevents 
Its even distribution m the diluting medium The 
usual concentration for topical applications var} from 
10 to 50 nigm pr cent Higher concentrations pro- 
duce local irritation with pain or discomfort. In per-- 
amiia, and cedema T} rothncin is more rapidlv active 
than penicillin or sulphonamides It has a low sensi- 
tizing ptenlial T} rothncin has no svstcmic use, 
liemg too toxic for intcnial administration and hence 
ail} sensitization from local use will not interfere if 
an} s}steiiiic therap} later becomes nccessar} More- 
over t} rothncin is stable and its solutions retain long 
their usefulness The onl} apparent drawback is its 
s}stemic toxicit} Therefore care should be token 
against loo great and rapid absorption as is done when 
usmg mercunals or plicnols as topical applications 
T}Tothncin ma} be useful in certain cases of acne 
vulgans, folliculitis, sweat-gland abscesses, infected 
evsts, other p}odemias and chronic infected ulcers 
Sulzberger and another, report that t} rotlincm-con- 
taiiimg creams and ointments have proved ineffective 
in their hands 

Among the antibiotics, pcnialhn is tlie one that 
IS most largely used m medical therapeutics As I 
have said before its use m dennatologic practice is 
limited, being used chiefl} in p}odennas It is useful 
111 infections due to penicillm-sensitiv e organisms or 
when a seconder} infection with these organisms com- 
plicates the original condition The majorit} of skin 
diseases which }ield to penicillin are those due to 
staphylococcus aureus and streptococcus pyogenes It 
lias been found valuable in impetigo vailgans, impetigo 
bullosa neonatorum and adullonmi, ecth}aiia, infec- 
tious eczeniatoid dermatitis, bums and wounds, 
Bockhart’s impetigo, svcosis vailgans, funmculosis, 
carbuncle, some cases of multiple er}i:henias, er}sipelas 
and other streptococcal infections, l}aiiphangitis, 
l}inphademtis, acne conglobata ct c}stica, some cases 
of dermatitis herpetifomiis, cr}sipeloid, m Vincent’s 
angina, anthrax, sypluhs and yaws It has not been 
found of any significant value m acne vailgans, atopic 
demiatoses, lichen planus, psonasis, pemphigus vul- 
gans, all forms of sarcoidosis, all fomis of tuberculo- 
demis, in leprosy, lupus er} theniatosus, m diseases 
caused by fungi such as niicrospora, tncoph}ta, epi- 
demioph}'ta and tlie monihas, diseases caused by 
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fill'^r-passing Mrusos and the coliform group Some 
].tntcillm-in'5cnsjli.c organismc ma\ c\eii destroy 
penicillin <^0 tlia* m a mixed infection the\ indirccth 
p-otrcl jKinKillin ten'itne organicm*; E\cn m cases 
m I Inch the organism is found scneitue to pcniallin 
it first V hen tmtment Ins "ot to I>e prolonged the 
organism mac cccntndh dec flop a resistance to 
penicillin 

Tlurc arc thrtc incthfvls of administration of 
I/ninllni in dtninlologic firacticc — frj as a topical 
ijiplication, (ii) parcntcrallc Cm) oralU 

Topicm Usr 

'Is a Inpjcnl nf’N’calwii penicillin nnc be used 
Ts a solijiioii for spn\]i)£T or for coniprcs'-e'- nr <oaks 
Tilt solution IS pro[)arefl In dissnhing 100 to lOTO 
units rtf the sorliuni or ralciiiin s-ilt per niilhlitrc of 
nornni s^Iln( or tlistillftl v ater The nlcinni or 
st tlniiii s^]| of iKiiicillin nnc be iiKor|)nnt(,(l in a 
rri nil fir i c\ iti r-solublf Inse or in an ointment in 
lilt stKiigth of to JOno milts of the s dt to 1 gr^in 
oI thf base 

1 ^ b [Tree s fiinniila ftir a cn cm is as follows — 
^r^rh|s fill I2a m 1 

1 -inf ttf c ax 60 gnis 

2"'; in I 

Hrct the s|rnli?(fl fnl to 70 tltgrffs centigrade 
'’'111 the VC' beat the ccatcr t<i httween 60 and 6c 
df' rfi fffit'.,rd( \<M the v ett r to the va' anil 
f il vith (Tiitle stiriini’- Maintain a ti injier itiin of 
fit dr ri I s until ride for 2 lio irs m order to sterilise 
''t' fi in 10) fin pits in a itlngfralor nntil the 
1 1 ' ini |s 1 1 ulisl 

\ ^ fin d' for a c ati r ‘'ilnble hast is as ffdfn c ' — 

MImi fioilii s ap pmihr f'O gins 

Ih til' d w iti r lOa m 1 

t ' ' I I II HI ( I id) 2f>7 g'li 

’ in I 11 I fi nni 1 1 hit 'hi si " << Vf 


The solution and the creams that arc made ccith 
evafer hacc to he kept m a refngerator to safeguard 
the actuate of the penicillin The stabihtc of peni- 
cillin in aqncons solution is conditioned be temperature 
and pH -^t pH 6 5 or cchen huftcred at tint pH 
solutions are at their maximum stabihtc Stock solu- 
tions should he stored in a refrigerator at 5 degrees 
centigrade cchen thee nnc he reasonable expectcfl to 
remain stable for one cccck ccithout rcquinng rc- 
standardi/ing Certain antiseptics arc useful adjuncts 
in aqueous preparations of penicillin to'' inhibit tlic 
dccciopmcnt of micro-organisms m-cnsitnc to peni- 
cillin Recommended for this purpose arc chlorocrcsol 
0 1 per cent jihcnoxctol and p-chloroplicnol and 
chloroiiutol 

Tlic adcantages of local application arc — fi) 
much higher concentration can be brongbt to tlic 
rcquircfl sue linn is possible be sestenne injections 
(it) There is great cconomi m pcmcdlm (tri) Tlic 
treatment can be carncfl out be the ivaticnt himsflf 

Tlif flisadcantagcs oi local application arc — (t) 
The drug i-. uselcss if n cannot reach the organisms 
— because ilicc arc too dccplc situated as m boils 
carbuncles antlirax anil crcsipelnid fn) Otcasioinllc 
ibe skill Is irntatcil be citlur the ix’iucdlm it'clt or 
an impiintc m it or m the consfitneut of the bi'C m 
wbicli It IS ap])hcfi Solutions jindc in pbcsiolngical 
salmc irnlati some skins due to the flei>0'il of 
common s.ilt 

Spracmg sbould l>o rloiic three or four times 
didc Trnlimnt be spraung is lucftil m hosjutal', 
as a large number oi imtunts can be triatid ccitbonf 
ruk of cross infection It is checjxr There is no 
chaiuc of initctii'i from tie In^e as with a cii im 
Till pnneipal drawhacl is tlrt the sprac apj>inli s is 
('j'cnsice and iiiuK to lieroin chid is] and brilm 
I’tncdlin dittnorat's mort qnicl I\ m 'uh u n than 
it d<Ks in cri ins end uinliiif nts Xpj-T^ jjn 
con.fni'iit for induidinl i e 

\\li'ii ji'-i. '’nh n; su c iii'inf-m j,, -i pitiiiii th 
fo'l’Ciii in'triiio)-. s') , del b" 

1 ''I rdi-i til' !•' 1 a 1 d h ■ ! f I, J h 
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doses during the 24 hours In tins ease the calcium 
salt of penicillin in an oil and hecs\\a\ base should 
be injected Tlic dose aaines from 100,000 units to 

300.000 units For sometime now I Iia\e been treat- 
ing patients wntli one or two large doses of the 
crvslalhne sodium salt of penicillin dissohed m nonnal 
saline I ha\e been emplojing doses ranging from 

200.000 units to 500,000 units dissohed in 2 cc to 
3 c c of normal saline 

^ Oral Use 

Orally pemcillin-calcium tablets speciallj prepared 
for oral use may be tried when it is not possible to 
gne the injections The tablets contain either 25,000 
units or 50,000 units They maa be gi\cn in doses 
of 1, 2 or more tablets at a time, e\er^ 2, 3, or 4 hours 

Before treating am dermatological condition with 
penicillin, the medical attendant should satisfj himself 
that the condition is produced b\ a pcnicilhn-sensitn e 
organism or the primary disease is complicated by a 
penicillm-sensitive organism Lahoratoiw control 
methods would he a useful guide AVlicn it is not 
possible for one reason or another to ha^e laboratorj 
aid, tlie physician should be guided by Ins loiow ledge 
and expencnce In treating superficial pyodermas like 
impetigo, ecth}ana, infectious eczematoid dermatitis, 
Bockhart’s impetigo, syco'is \ulgaris or a superficial 
p>odenna as a complication of other dermatoses, one 
would resort to topical applications of pcniallin If 
the condition is acute, exudatne and localised, peni- 
cillin compresses or soaks would be preferable The 
compress should be clianged three o^four times It 
should be cowered with guttapercha or cellophane 
dressing If tlic condition is acute, c\udali\e and dis- 
tributed m different parts of the body, it would be 
advisable to use a penicillin spraj three or four times 
a da^ In bullous impetigo the tops of bullic would 
liaae to be snipped and then the spraying done In 
some cases the surface of the skin nia\ be macerated 
or an oozing surface maj be co\ertd with scabs The 
macerated skin or scabs should be remo\cd and the 
skin cleansed wiUi soaks of 1 in 9000 potassium per- 
manganate solution each day before sprajang or 
putting on the compresses If the condition is sub- 
acute or chronic a cream or ointment would be pre- 
ferable Ambulator} patients prefer sprayihg in the 
day and an ointment at night If there is no change 
at all in the condition in 5 or 6 days, it is better to 
stop the treatment If tlic condition is better, the 
treatment should be continued for file days after in- 
volubon in cases of simple pyoderma, upto two w'eeks 
m cases of slowly cleanng or relapsing infections 
Contact dermatitis sometimes ocairs after four to five 
days of wet dressing or six to ten da}s of ointment 
therapy This could be minimised b} discontinuing 
the topical penicillin therapy for one or two days after 
four days’ use of W'et dressings or six days of appli- 
cabon of ointment During these two dajs I Avould 
recommend liniment calammae m an acute condition 
and a zinc paste m a dironic condibon If the enip- 
bdn is ver}' extensive Or generalised, besides local 
treatment penialhn should be given pareiiterally and if 
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that not jKissiblc, orally In deep pjodcmias like 
boils, hidradenitis, carbuncle, cellulitis, hniphangitis 
and hanphadenitis due to pcnicilhn-sensitne organisms, 
penicillin should be gi\ en parenteralh in doses rang- 
ing from 20,000 units to 50,000 units e\cr} tlirce 
hours or in niassue do'^es once or twice daiK The 
injections mav be continued for 5 to 7 dais or some- 
time more In boils and hidradenitis, penicillin mai 
be sprajed o\cr Ihc lesions and around as a prcvcnlue 
I Iia'vc treated a good number of cases of cellulitis, 
hanphangitis .and boils with single massue doaes of 
pcniallin parenteralh daii\ In general the results bare 
Iieen \en good There lia\e been relapses in cases of 
c j there are relapses it is impcratue to 

find the cause and ciimmate it In the treatment of 
sreosis lailgans of long-standing, you Tna\ be dis- 
appointed because of the rcl.apses Improi einent of tlie 
general health of the patient is to be aimed at, no 
slming of beard is to be allowed and clipping the hair 
instead would help the patient greath 


Reactions to Pemciltiv 

I EPIDERMAL REACTIONS 

(1) Contact dcAwnfit/j— Cohen and Pfaff liaAC 
reported that 0 95 per cent of normal patients, who 
do not give a hisfon of Iira ing used penicillin pre- 
vioush ga\c positnc reactions to p.atch tests Accord- 
ing to the laws of dennatologic allcrg} this would 
indicate that a small percentage of the general public 
IiaAe been sensitized bj some preiious fungus mfec- 
bon and can be expected to react when penicillin is 
first applied to their skin Penicillin in the strcngtli 
usualh applied m solutions or in ointments is not a 
pninan CTitaiieou:, irrit.ant It should not m tlieon 
produce contact dermatitis when applied to the slan 
which has not been sensitized b^ preiaous applicabons 
of penicillin or b\ some other fungus Pringle rejaorts , 
a 20 per cent incidence of dcmiabbs resuibng from . 
the local application of pcniallin, parbcularlv on the 
face The percentage of dermatitis is considerabh 
less when used in areas other than the face It would 
be advisable to do patch tests before using the oint- 
ment oier large areas 

(2) Contact chcihtis, stomatitis and conjunctivitis 

II DERMAL TAPES OF REACTION 

(1) The commonest is urticaria Occasionally 
there ma} be severe urticana associated AAath nausea, 
fever and painful, swollen joints as seen m serum 
sickness 

(2) Angio-nciirotic cedema 

(3) Tone macular or scarlattinforni eruptions 

ma} orcur within the first few d<a}s after injections of 
penicillin ^ 

(4) Macules, papules and nodules oj the crvtlicina 
iiiultifornic and nodosum type 

(5) Pliytid type of reactions may occur after in- 
jections of penicillin I liave seen this happen a few 
bmes a few hours after the injection of penicillin 
Ihe distribution is usually on tlie hands and feet and 
the eruption is vesicular with severe pruntis 
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(6) Bullous cruplious rare!) occur 

in CO’^Sr TD WPMM- AND EPIDEPMND KEAC- 
Tio’ s ha\c been observed In me 

'^cneitir^ition nn\ occur bj topical application of 
ji^nicillm or vben nlcn oralK or gictn parcnferalh 
The most frfqucnt reactions arc urticaria and coniact 
dermatitis 1 base treated a good numlier of eases of 
s\i»hili'- and gunorrban iiitli penicillin an<^ onK once 
hi.c 1 'cen i dcninl reaction, in a ca^e of gonorrba'a 
\Miil-t in dcnintologic cases, iihetlier the penicillin 
1 as in'd toinrdh, oralh or [larenteralh at least 20 
jKr can of the jiaticnts siioiicd skin reactions Though 
jynicilhii iistil tojiicalh is a useful drug in supcrficn! 
jiKdemns some of these could be treated almost as 
fflirnntli iiilh the older remedies iiithout the ri=K of 
coni let d'nnafilis and the higher cost the former 
intuls In deep piodennas ]>cnicilhn has a definite 
jilair 

In conchision 1 hoc to state that the greatest and 
mo I ronimon dtnaaiologic ibcrapcntic prolilems In\c 
not bed! sohdl b\ p„nieilhn 


Antibio'iC' in Venereal Dueases 

K \ It \j \M, MS, M R c r 
Sfctuhsl in I nirricl Disrobes, Goil General 
Uos[!(al, Madras 
and 

J’tijrrU'i n/ 1 riirci/ Psa^is, Med cal LolUge, 


minantl) peniallin-G, nhich is most eficctnc against 
organisms including spirocheta pallida There is also 
some eradcnce that penicdhn-X is more ctTcctne for 
gonorrhrea than cither commercial penicillin or pem- 
cilhn-G In the meantime the research studies in 
-vmcnca hare been snatched o\cr to tnc c\-ahntion of 
Crastallinc Pcnialhn-G It is quite possible in the 
future to hare pure pcmciiliii fractions like G and X 
for the treatment of srphilis and gonorrhoua scparatelr 
and the erailuation studies rrath these pure fractions 
mar upset or nrodifr our existing knorr ledge about the 
ralue of penicillin in srphihs and gonorrhega At the 
present moment most ot the cralnation studies arc 
based on the use of commercial penicillin 


GoxoKRHor \ 

The rahic ot pcmcillm ni gonococcal infections 
was promptlr established after the clinical introduc- 
tion of iicmcilhn in 1943 Since that tune, attempts 
arc being made to dctenninc tiic optimum dosage, the 
choice of the antih.otic, the method of rdimmsfmtinii, 
and the ilnrat^ai ot treatment 

111 larh acute uncomjihcatcd g. mirlnn oi citficr 
‘•ex, the follorrmg s^.])cdnle^ hart hern rep'rterl to 
gne a cure mu of more than fO jrt ctiit and Inn. 
the adr-antage of sIiorln(s> oi liierapr, cnnruiieiid 
innnnnim dncomiorl to the jxatient md tmimnih 
suitable for treatnniit on an aiiibiilatorr basis 
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In chronic, complicated, metastatic gonococcal 
infections and in gonococcal vnl\ o-i agimtis in children, 
the abhreiiated schedules of therapi recommended for 
aaitc disease have been found to be unsatisfactor\ A 
larger total dosage of 500,000 to a million units spread 
out o\er a longer jienod of time seems necessary m 
addition to certain adjinant treatments like fe\tr 
thcrapi and hormone tliempi 

In chronic cases m itli the presence of other 
organisms, additional measures such as urethroi cstcle 
irrigation, passage of hougies, prostatic massage, oral 
administration of one of the sulphonamides maj be 
indicated In the case of Monien, physical signs of 
discharge and irritation nia\ persist even after peni- 
cillin thcrapj due to an associated infection with 
trichomonas \aginalis 

Recenth clniicians from Aincnca and to a greater 
extent from Great Britain ha\e been rejiortmg an in- 
creasing number of cases of gonorrhrea resistant to 
penicillin thcrajn In our cxjienence, we have en- 
countered penicillin resistant infections in quite a few 
cases Is this the writing on the wall that as in the 
case of sulphonamides, the gonococcus is adapting 
itself to the antibiotic menace to its • perpetuation ? 
Time^ and further observation alone can tell 

In the meantime, lahorators and clinical studies 
of streptomjcin in gonococcal infections reveal a pro- 
mising additional weapon against the disease In a 
few cases of penicillin-resistant goiiorrhcca the adminis- 
tration of streptoin)cin in 3 to 5 gm total dosage h,avc 
been reported to base cured the infections We have 
no personal experience of this Modem scientific 
medical research is providing one dnig after another 
first the sulphonamides, then penicillin and thirdh 
streptoni} cm in tlic fight against the clusn c gonococcus 
and one really wonders whetlier this strict human 
parasite, famous for its biological opportunisim can 
ever be weeded out of the human population The 
possibility of a comadent but potential s3philitic in- 
fection in patients treated for gonorrluca w ith penicillin 
should always be borne in mind Such patients should 
be w'atched for any clinical or serological evidence of 
sjplulis for a minimum period of three months 


SVPHILIS 

Pciualhu tlicrapv o/ SypJiihs — 1 In earl) s)philis 
tlie curative effect of pemallm therapy is directl) pro- 
portional to the speed with which the diagnosis is made 
after the infection 

2 Best results are obtained in sero-negative 
primary syphilis with a reported cure rate of nearly 
98 per cent 

3 In sero-positive early syphilis, including 
secondaries, the piercentage of unsatisfactoix' results 
followang pemallm therapy is still high (about 25 to 
30 per cent) Hence it is suggested that in ei'ery case 
of sero-p>ositive early syphilis, a combination of peni- 
alhn wnth other anfi-sj-philitic drugs, Mapharsen and 
bismuth should be given There is evidence, botli 


experimental and clinical tint a combination of peni- 
cillin with Mapharsen and bismuth or both, ma) giie 
better results than penicillin alone A smcrgistic 
action IS postulated 

4 Tlie recommended dosage of coinmcrcnl 
sodium pcniLiIIin is 3 6 mega units for sero-ncgati\ t 
pnmar) sjjihiiis and 5 4 mega units for scro-positi\e 
jinmaia and secondan siphilis 

5 The incidence of the so-called reinfection or 
siipcr-infcction seems to be six to ten times more 
frequent following penicillin therap) than with the old 
standard metal clicmotlicrapi 

Syphilis tit Prcoiwiicy — The most spectacular 
results ha\c been reported m the prevention of pre- 
n.atal svphilis following- penicillin thcrap) in siphilitic 
prcf^miit women from ihc two Unnerstiy Climc’i, 
Philadelphia ami Baltimore The preiention or cure 
rate of 98 4 per cent among the infants boni is un- 
equalled In ail) other fonn of thcrapi In jienialhn 
the results arc cqiialK good, no matter what the 
duration of pregnane) is at the time of treatment 

In a small number of eight cases of carU infectious 
s)phihb in prcgiiamn treated In ns with penicillin, 
we were able to confinii tlie icr\ faionrable reports 
In the American workers The nsk of reaction to 
tilher the mother or the infant is almost negligible 
The recommended dosage should not be less than 
3 6 mega units and not more than 5 4 mega units 
administered intramiisailarl) , in aqueous or saline 
solution, third hoiirh, round the clock in single doses 
taming from 40,000 to 90,000 units After treatment 
the mother should be followed up chmcalK and soro- 
logicall), once a month till the time of delnen After 
birth the infant must be followed for a nnninnim 
jxinod of three months, clmicall), serologically and 
roeiitgenographicall) 

Coiigiiiital Syphilis — Platou and co-workers from 
file co-operative universita clinics in America, pub- 
lished an instrnctnc stud\ of the results of penicillin 
thcrajiy m 252 infants with each congenital s)phihs 
The) hate reported 73 per cent satisfactor) results, 

9 1 per cent unsatisfactory results and 17 9 per cent 
in wluch the results arc classified as uncertain A 
mortality' rate of 10 7 per cent from all causes is i 
reported among the treated infants In a group of 
59 infants with early congenital syphilis, treated at 
the Venereal Qinic at IMadras, 42 infants were dis- 
charged chmcall) cured wath 5 deaths m the hospital 
Of the 24 infants who ha\e been followed and been 
under our obsem'abon from penods -variarig from one 
montli to ten montlis, 20 are clinically well and 10 
of them bale been under our obsen^ation for more 
than four months and have achieved serological nega- 
tnnty The following conclusions may be stated 
regarding tlie treatment of congenital syphilis wnth 
penicillin — 

1 The recommended dosage of commercial peni- 
cillin IS 50,000 units per pound of body weight to be 
administered in 120 equal dnided doses during a 
period of 12 to 15 days 
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2 In Kf'^ssl} clcljilitatcd niani'mic infants the 
niitnl dfi'iC 'hould lie small of afiout 500 units pradiialh 
'■tfpjicd nj) (ill a ina-Mnuim of 5,000 units i'- readied 
in the conr c of a i cck or ten dais 

3 Clinical rc‘'pon'^e to the tlicrapi has liecn 
unifonnU '•alisfaclor) but it takes a longer time for 
the reversal of the serological reaction in earl} con- 
ge iiitil sjp’iihs than in carl\ acquired siqilnlis 

4 Aeicquate and expert pediatric care is essential 
to --iirre <.sftil pe-nicillin tberapv of coiigcintalh disease-d 
inf lilts 

5 Mfi'l e/f the elcaths rejKirteel during tre-atnicnt 
o etirrid fill the basis of imliiutrition, delndration and 
lilt' rairrent iiif'ctioiis 

In 1 ite congtiiital s\|iliilis, jiarticularK in intcr- 
stiti il lentitib the results of jicnicillin therap} arc 

elis ijijifiiiiliiig 

\r — Clinical and serological inijirovc- 

II (lit hive been reixirleel in aarving ekgrecs in all 
t ]*'s oi iif-iirosv philis b\ the parciiteril injcctinn eif 
iHiiKilhii 111 ])ite eif the fact that jKiiicillin elois not 
I>f|if'rili til LSI in niv ekmoiistr ibh ejumtitv 

III 1 V iiiji’' 111 ilii iieurosv philis aii'l in acute s\])lnlitic 
nil till I'liis ^ ih' re-iihs of jienieillni tluraju in eloses 

^ iiK^ I units hive Ikcii repjrtcel tei lie 

e ' 1 1 II' nt 

I ' imiian eqitie itniplu, ntfl s\p!nhltc 
I'"^'"’ jKOKilhn .lelniinistcreel toiictirreiith vvitli 
in il 111 It i.ilu 1 t . , . ,..i. ,1 


in oil and \vax has been reported b\ Tiioiiias, Land} 
and Cooper of tlie Bcilev-uc Hospital Xeu York Cit} 
According to them, the treatment of carh infections 
sa-philis with a single daih injection of 600,000 units 
of pcniallin in oil and vaix for eight d.avs has proved 
\er\ sitisfactor} In a small senes ot six patients 
with earh svphihs treated pnvatch In me with t 
single dail} injection of 300,000 units of penicillin in 
oil and wax for a period of 12 da}s and observed over 
a penod of six to ten months, the results have been 
verv satisfactorv, chnicalh and scrologicallv The 
technical difficult} of administration, due to tlie high 
viscositv the increased iimdence of allergic effects and 
the co«t of the drug will militate against its rontnic 
use in tlie treatment of s}-philiE Amencan worker- 
Henrv Y clch and Romaiiskev, arc imu collaborating 
on an extensive research to prepare penicillin in oil 
III a comparativch free flowing form and which will 
be as effective as the old viscid prciwrations When 
the work is completed, liquid preparations of oil and 
wax mav become available for the treatment of 
s}'pbihs 


- .w.,. -ii.w.Ls "Il cxjieniiitinai svpinli-, it is 
gathered, that streplonncni is verv much less cflicacions 
than iKincilhn and heiiec it is jKissiIile tint the drug 
•'hall liave no theraiKiitic future m sjiilnlis 

111 conclusion, it mav be said that the treatnunt of 
svpliihs with the antibiotics pariicularlv ixnicilhii is m 
a stitc of flux and four vears is Uxi short i mriod to 
assess Its value in a disease whieli is as dironic 
rclaiisnig and subtle as s^pI,lI,s ’ 
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DISCUSSIONS 

Dr P L DESHMUKit {Poona) said — Si>eakers 
before me ha^e repcatcdl) \oiccd that penicillin has 
been grossh abused or misused While agreeing Mith 
them m spirit I beg to sound a note of dissent on 
one point Pcmcillm is rclativclv of recent introduc- 
tion m Uierapeutics, and I believe that its [lotcn- 
tnlities arc not let complcteh explored So, one can 
not be too dogmatic about its indications and contra- 
indications except 111 a few cases Laboratory research 
111 vitro by itself is not sufficient to decide the fate 
of a remedy though it niav throw a useful light on it 
Clinical test alone is capable of giving the fin^ i erdict 
So medical practitioners should be encouraged to tn 
a new, safe and potent dnig in diflcrent diseases and 
m tried diseases from a different point of mcw' Tliiis 
potentialities For, m medicine, as we. see in the 
alone it will be possible to reveal the drug m all its 
w'orld around us, what may be considered as out of 
order to-day mav prove to be the basis of order of 
tlie morrow" 

This introduction may be considered as an 
apology for my further remarks For, though the 
Plasmodium is known to be mscnsitne to penialiin, I 
tried the drug in cases of relapsing malaria wath great 
success This is how I came to use it m mv first case 
A lady was brought to me for repeated relapses of 
malanal fever though she had been liberally treated 
wath injections of quinine, mepaenne tablets and 
quinine mixture, b\ her previous medical attendants 
I thought of using peniallm m conjunction wath the 
usual anti-malanals and ^vanted to see if relapses 
could be checked I gave intramuscular injections of 
penicillin two lac units in 5 c c normal saline on three 
consecutive days simultaneously wath injection of 
quinine hydrochlor gr 6 intramuscularly on tlie first 
and third davs of peniallm Mepaenne tablets were 
continued five days longer at one twace a day To 
my surprise I found tliat the patient did not get a 
relapse to tins day ic, during, about a year Further 
cases which I treated on the same line gave uniformly 
successful results clinically" and bactenologically I 
believe the explanation of this success lies in the modern 
theory about the mechanism of a relapse According 
to the modern conception, the Plasmodium is assumed 
to have two cycles in the human being via , a corpus- 
cular and an exrta-corpuscular cycle The latter is 
also known as the 'reticulo-endothehal’ or the DP 
cj'cle which has been definitely proved in birds 
Relapses are explained on the assumption of overflow 
of parasites in the peripheral blood from the extra- 
corpuscular cycle I assume that the usual anti- 
malanal drugs, which in reality' form only the sup- 
pressive treatment of malaria, kill the parasites in the 
penpheral blood, while peniallm has a selective 
action on the extra-corpuscular cycle of the malanal 
parasite 

If my observations are corroborated by my col- 
leagues here, a new and very useful vnsta w"!!! be 
opened for pemalhn therapy 


Dr G Coeliio {Bombay) said Adequate faci- 
lities for investigation of a case arc not available for 
tiic general practitioner, hence there is a danger for 
ov erprcscnbing 

* * * V * 

In pediatric use, injections into multiple boils, 
cmpvema cavities after aspiration of the pus is a useful 
Iirocedurc The cxiicnencc with typhoid fever treated 
with jx-mnllin alone 50,000 units every 3 hours for 
4 days is not conclusive because of the few cases, so 
treated, but I am inclined to tlimk that it is benefiaal 
in toxic cases Tiic clinical results in congenital 
svphihs treated witli a dosage of 75,000 units per pound 
of weight distributed over 14 days, arc superior to 
those obtained with arsenic, bismuth and mercury 
Similar has been mv experience with stomatitis In 
diphtheria penicillin combined with antitoxin is valu- 
able m toxic conditions, but m all cases of diphthena 
the antitoxin should not be forgotten 

* * * ♦ ♦ 

Dr Bvldev' Sixcn (Amritsar) said It is a 
recognized fact that the quantity of magnesium nbo- 
nucleic acid present m the organism determines the 
sensitivity of the organism to penicillin In cases of 
typhoid "fever and Malta fever if antiscaim is given 
along with peniallm the diseases are easily vulnerable 
to tlie treatment This is attnbuted to the fact that 
the corresponding organism is able to take a greater 
quanti^ of magnesium nbonucleic acid 

* * * ♦ # 

Dr P N Pradiiax (Ragpiir) said State 
control of penicillin is necessary Pharmacology of 
peniallm is a debatable point in regard to how it 
preasely acts If it creates an unsuitable envaronment 
for the growth of the inv"ading organism or if it acts 
on the growth factor, via , para-amino-benzoic aad or 
others This point opens a wide field for the bacteno- 
logist to sludv, why' a particular organism is sensitive 
to penicillin It IS also important to determine how 
long It vv ill take for the growth factor once it has been 
destroyed by penicillin to appear m circulating blood 
Single massive dose of peniallm was found useful m 
a case of bilateral palmar abscess whereas m a case of 
rheumatic endocarditis, repeated courses of peniallm 
failed to be effective 

***** 

Dr M R Cholkar (Nagpur) said Peniallm 
is effective m breast abscess, with sinus as well as 
in unopened direct abscess An article on a few cases 
of breast abscess treated m tlie way has appeared in 
an issue of Lancet of 1947 

* ♦ * * ♦ 

L R Deshpvnde (Hyderabad, Dn ) said that 
he found good results with pemalhn treatment m 
ery'thema nodosum, diphtheria, tetanus and typhoid 
***** 

Dr. C N Shroff (Bombay) also spoke 


feENtfltS OF 6PEN AlP IN THE TPEAT/.'.ENT 
OF TUBEPCULOSIS 

TAL\\ALK\R, md, (pom), fpcs, Cfsc), 
Bov hoj 

III lii'ln tliTc ^^c no specnl lioipilil', lor tulxir- 
niloM"^ of lioiiLs and joints Tlic a\cngc case is pul in 
of I’aii'- or ‘•oinc ‘-ort oi ■splint and treated at 
lioiiK or sMit u a% to Ills iiatne jilace In all cmli-ed 
(oiinri's tin < ra-c-, are treated in special iiospital: 

I ir 1 1 from croiolid citiCs and ciilircK in tlic oi>cn 

air I orcign do ii nation, iKnerta and ignoniice In\i 
‘o far preidiUii sucii treatment from Ix-ing undertaken 
in tins count' The general surgeon is ii'Cfl to rapid 
fij'^rition-. md (itiid cures lie 1 as not dm eloped that 
jiiti'iisf Inch IS neec-sara for jirolonged, consena- 
tni tr( I'liK.it m tin e diseases \\ itn increasing con- 
tisiu s fo' the nee-fl of otliojiaedic surgtn, such 
ho ]) t ils hoa ( \er in lionnd to dcacloj) lliee rc-quire 
,v mil 's \ !r, cm (leeoif time and ha\e the patience 
to l'/)l iftir the same jiatienl for \ears, if neecs^are 
for ( r\ little reaniincration 

It I as Hugh 0\ en Thomas (1834*91 ) ulu' 
i(S|i ed tin \alin (f ojKn air tre-atii.en, m tulerctilo is 
of Ion He u 'd til insist on liis patients In mg kept 
<'it idt in the ojnn air, •’iid it was a common siglii 
in In el i\ t I 'c (’ Mren on their frames hing in the 
I lid 11 or 'n tl f His nephei , ‘'ir Uol>''rt 

f< (s (^"^8 the genius to afjprecnte \ hat 

mud th taf' He found lueViK in Mu* AgnC' 
H 1 eiiic () In pilient an irlminhle wo'lcr who 
•^1* '',tt(l iiilliieptal I rn 11 h inh'e l>m:nn ngs 

*krt . ll ll f* (itU lii Vir tfifir •-.tld ^!l * 


the plaster and the hang dot n Mercer in 1946 nl 
discussing prognosis of tuberculosis ot bones and joints 
in his text book a ntes Reference should be made 
to tlie great improaement in prognosis tliat has 
attended the efficient sanatonum regime now practicalh 
unnersal in this countra This shoaas tlic importance 
ol open air in prognosis of tuberculosis of honcs and 
joints In these hospitals, besides the open air, there 
IS a pcemliar huoa-ant atmosphere Tiie psa diological 
cfTcct of seeing a fellow jiaticnt going out cured is a 
tonic a Inch jiaticnts at home can nea er get The sight 
of patients at aainous stages of inijiroa ement aKo hc'ps 
a neaa patient considcrahh in hearing the tedium ''i 
hang doaan 

In an oficn air hospital these {viticnts arc kipt ni 
the acrandah for ta enta-four hours tacn on the coldist 
daa Ml are giacn Initli general and local rest oi 
•'(■me sort in a jilastcr c-'^t or a sphnt 1 hc\ are gi'eii 
colloidal calcium a itli aitainm ‘D injection 2 ci ta let 
a a’c-ck and a mivture crntaining iron and arscnie and 
glaccropliosplntes Tiihcrculin m a era minute do^.s 
n/lOOOOOb) maa "’Ko l>c giaeii to tlie'C erases once 
a a> cel , gradualla increasing to l/IOOM The scdi- 
mcnhalion rate is tested as a routine ha Westergrens 
mediod and shoe s improacmcnt with the clinical p'o 
grC'S Ce>d Incr oil calcium, aitaiimi D ultra amlet 
thcrapa are all aeljuiicts Hut oitcn thca arc Used emh 
as jinnnra treatment 

The follovmg ca'Cs a Inch ae-u treated m m 
o]x'ii-air Hospital maa p'oac interesting 


Ki I T Ol C\sr.e 
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Case 3 — ^Master H, aged 11, admitted on 22-6-45 
for bilateral tuberculosis of the ankle joints for sc\'cn 
}ears He had been treated in I’arioiis places in Sind 
and had been adMsed bilateral amputation of the leg 
There ucre multiple sinuses on the left side and tlie 
ankle had swollen to three times its size X-n\ 
showed decalcification and the normal trabcculations had 
coniplcteh disapjxiarcd The ankle on the right was 
not as bad as on the left and Vraj examination show c<\ 
less dc'-truction llis sedimentation rate was lOOnini 
' per hour The patient was ha% mg a maximum tcnijitm- 
lurc of 101 °F on admission He was emaciated an imic 
and looked aerj toxic It seemed justifiable to amputate 
lioth the legs considering the toxicitj and anaeniia 
He was howeier treated consenatneh m the ojicn 
air clinic and w as put up in plaster of Pans uplo alioa c 
the knee After one jear he w.is looking better and 
\ raj examination sliowed that enlcification was 
occurnng Eighteen months after tins 2'^< jears after 
his admission the jialc anaemic bn^ had beconic a 
dark, health) adolescent He had that jiccuhar dark 
complexion found in the Koh hojs round Versma 
and Vasai This change was due inainU to the open 
air near the sea-side Recent x*ra\ films show that 
trabeciilations ha\e returned and calafication is almost 
normal He will be discharged when the sinuses heal 
The patient is now looking quite lieahln and normal 

Case 4 — C , female, aged 35, was treated for 
eighteen months m another hospital She was aflniittcd 
on 15-10-1945 with a sinus m the left groin and tuber- 
culous lesion of the second and third lumbar \crtcbrae 
Her temperature was 99 and sedimentation rate 
was 85 m m per hour The sinus healed in eight 
months and her temperature came to nonnal Toda) 
she can walk about with a jKisterior support Her 
^ sedimentation rate is now 20 m m per hour and x’ra) 

* examination shows satisfactorj sclerosis 

n 

Case j — S G, female, aged 21, was admitted on 
24-2-1946 On admission she had a swollen left knee 
joint with sinuses It wais tuberculous m nature and 
of eighteen months’ duration Her tcnificraturc wais 
100°F maximum Her sedimentation rate was SO m m 
per hour The joint was mimobihzed in plaster of 
Pans till Februar), 1947 She had not improved acr> 
much during this time and sinuses still persisted The 
temperature hQwc\cr had settled down to nonnal in 
three months’ time After February 1947, a Thomas’ 
knee splint was gi\en The improvement since then 
has been remarkable and she has put on 20 lbs weight 
In my opinion the Thomas splint immobilises the 
knee more satisfactorily than a plaster of Pans cast m 
tuberculous conditions The muscles rclxx com- 
pletely In a plaster of Pans cast, the muscles can 
contract and often cause an abscess Thomas, it may 
be mentioned here origmall) used his splint for tuber- 
culosis of the knee This patient would have required 
an amputation considering her anaemia, thin wasted 
appearance and sinuses I feel that open air conseri'a- 
tive treatment saved the hmb 


J^asc 6 — R G, male, aged 47, admitted on 11-12- 
194/, for tuberculosis of the nght ankle joint with 
three sinuses He had been advised amputation of 
the leg but had rciuscd to get it done On adinis'ion 
Ins sedimentation rate was 60 mm per hour A crab 
splint and the usual lint of treatment was adopted 
The sinuses healed in two months and he improved 
r.apifllv He has been discharged with a walking 
calipers wath vvhich he can walk about His sedi- 
mentation rate is now 15 mm per hour Tins jiatieiit 
hut for the ojicn air hospital, would have lost Ins leg 


Co sCI LSIOX 

I am pcrsonallv convinced that ilic eases imntioiictl 
above would not have had such satisfactorv results 
without the treatment in an ojicn nir hospital In the 
ojien air hospital referred to above, 61 jiatients liH'C 
been trcatcel so far 

Following table shows the numher of C3«cs and 
the sites of tubcrculotis affection 


Site affect id 
Spine 
\nkle 
flip 
Knee 
Stenmm 
Elbow 
Afctatarsal 


Nittnln r of patients 
40 

5 

6 
2 
2 
2 
1 



Out of the 40 eases of tuberculosis of the spine, 
3 left tlic hospital prematurely, 1 because he could 
not afford further treatment 1 due to Icprosv and 1 
because of language difiicultv 3 were cases in tlie 
terminal stage and they died 1 carlv case also died 
from severe anatnua wbicli could not he cured wath 
liver extract injections, iron thcrap) and blood tmns- 
fusions 3 cases /had tuberculosis of the lungs and 
were asked to go to some other hospital Thus at 
least 31 patients out of these 40 cases of canes spine 
benefited In the open air treatment It is however 
no good calculating the percentage of results on such a 
small number of eases Still, it seems worth stressing 
tli.at of tlie cases undergoing treatment when not m 
extremis, onlv 1 out of 31 died This compares 
favourably vvitli the mortality figures m Liverpool and 
Oxford (5 per cent immediate mortalitv) 

In conclusion, may I reiterate tliat tlie object of 
this paper is to stress tlie value of open air hospitals 
for the treatment of bone ana joint tuberculosis and 
the need for many such hospitals all over India’*' 


* Read at the XXIV All-India Medical Conference, 
Bombay. Bee. 1947 
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THE BRITISH PHARMACOPOEIA— 1948 

V ISWARIAH, , MB, M R c p , 

Professor of Pharmacology, Andhra Medical College 

The seventh revision of the British Pharmacopoeia 
has been published this year, the first having been 
published in 1864 The British Pharmacopoeia w'as 
expected to be revised at inten'als of ten years, in- 
corporating established new drugs and modifjnng, if 
not weeding out old and less sennceable ones The 
last (sixth) was published m 1932 From then to 
now, no less than seven addenda were issued to take 
the place of the rightly due 1942 revision^ in an 
attempt to keep up to date the 1942 revision, delayed 
due to war conditions 


Evolution of the British Pharmacopoeia 

It li interesting to study the evolution of pharma- 
copoeias in general and the British Pharmacopoeia in 
particular, as the stud} is just another aspect of 
progress of medicine 


The first work of its Kind published under gov- 
ernment authont} appears to ha\e been that of 
Nurembeig m 1543 A passing student, Valenus 
Cordius showed a collection of medical recipes which 
he had collected from the w ntings of eminent medical 
authorities, to the physicians of the town who 
impressed bj it, urged him to print it for the benefit 
of the aiiothecancs Tliej obtained for his work sanc- 
tion of the senatus An earlier work know'n as 
AnlKloiantiin Floreiitiiiuin” liad been published under 
tile authont} of the college of mcdianc of Florence 


bntil 1017, dnigs and medicines as were in 
common use were cold in England b} the apothecaries 
and grocerc between the grocers and the 

aiwdiecaricc resulted m the college of pb}«icians in 
)1H (injviwcring onl\ the apothecaries to dispense 
inn iciiics and tint according to specifications embodied 
ni a 1 liannacopocia In the college of plusicians 
iin tile firci ] ondon pharmacopoeia bad included 
mnet \ the works of Meruc and Kicolaus de Salcmn 
le cniigmunds cmploscd here were often bctcro- 
gimoiis imxturtc of 20 to 70 ingrcdicnt< \niong 
' nigrcdients included ovstcr cbcll pearls 

' <'1'- c\cj-(inicnts of liuiinn bcmgc dogs niice 

('t'r'i n* I”’*"’'’' '^'ull and moss growing on it 
I onuu the tHfin lings of pcnicdlinl Mind puppies 

Tins plnnincoiyxn rxi-Pd tdl 
.M.r .rr. .‘"t.'"’"' of -^ir Hans Slrane 

p an ahrM^I^T,^ v\f.ri made ildetuig iiianv the 
' ’”'cuoi v rniuHlics TU Itndci cs to -ini 
1 carru 1 a inmh qri iter e\teiu later ard 


1 1 17 ^ 


1 . •‘V *- 1 A jTvvr 

, ^ 5 III"! pib'lvl (tl y itHh o ihr 

p 1 ^ ' j- * c p ' c t ^ 2 I \ ( -'-v ohl n iHa’ r- 
p 's • 1 irnai. p'r i n-,. prHn c'l! n 

, ; ’ >> ''mM-t'v Hehl I h-d , 
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last in 1850 The preparations contained in the three 
muted kmgdom pharmacopoeias were not all of umform 
strength and naturally a source of much incon- 
venience and danger to the public In consequence 
the medical act of 1858, ordained that the General 
Medical Council should publish a book containing a 
list of medicines and compounds to be called the Bnbsh 
Pharmacopoeia for the wEole of the Bntish isles 
Hitherto they were published in Latin and the first 
edition in English appeared in 1864 


A dissatisfaction was felt over this edition as the 
majonty of the compilers were not engaged in the prac- 
tice of pharmac} and the committee constituted as such 
W'as competent rather to decide upon the kind of pre- 
paration than upon tlie method of their manufacture 
(We hear today in India the echoes of the dissatisfac- 
tion, as India is striving to place pharmac}, drugs and 
pharmacopoeias m order) The necessit}' for this 
element m the construction of a pharmacopoeia is now 
fully recognised in eier}-^ country, in most of w'hich 
pharmaceutical chemists are represented on the com- 
mittee for the preparation of tlie legally recognised 
manuals National pharmacopoeias under the autho- 
rity of government now exist in almost all adianced 
countnes 


out tne rapid increase in medical, pharmacological 
and pharmaceutical knowledge renders necessary’ 
frequent new' editions Each new edition of a pharma- 
copoeia requires several years of experimental work- 
tor developing suitable formulae and hence the 
production at mteiwals of such w orks as Squire’s Com- 
^nion to the Pharmacopoeia, Martindale’s Extra 
i liarmacopoeia. New and Non-official remedies of the 
American Medical Assoaation etc, that tend to keep 
tne medicinal preparations abreast of time With 
many medical practitioners, the Extra Pharmacopoeia 
^ more the bible than the B P or the USA one 
Ihe Bntish Phaniiaceutical Codex is published under 
tlie authority of Phaniiaceutical Socicti of Great 
tintain, m which the character and tests of piiriti of 
lany non-official drugs, their preparations, glancfuhr 
I^roducls, sera \accmcs, etc, are gnen This work 
may sene as a guide under tlie Foods and Drugs Act 
for ffic piinty and strength of drugs not included m 
tile B P , and as a standard for the commercial grades 

P’nmiacopocia winch arc used 
lor non-mcdicinal purposes as well 




mar '^cs^^ab!IIt^ of a uniform formula for tlm 
m re imponam imdicamcnts is forced In the ever 

uiterconimimfcation .and 
nterrthtK.i of nations in nvina .pherc- \tteuii. ‘ 
ime been made b\ mtemational i lanuectaiUcM md 
m d.ol coiK^nicrs ,o .cltlc th. kas.c e Zch an 
mu matinna! rb-nnacopo t could ]k o'c; arerl T'-n 

t - . O. IS ,, a p u ,1 , r ,i 1 ar 

oa r. D.,’..,;:;;:,';,; 
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ting nn Indian and a colonial addenda in 1900 made 
an attempt at unification in a Imiited splierc The 
health organisation of the UNO, ulio knows 
attenijil this 


iNDIAt PlIARMACOrOFIA 

In 1900 an Indian and colonial addenda were 
permitted to the fourth re\ision of 1898 TIic Go\- 
eniment of India edition of 1901 was accordingly pub- 
lished to suit “Indian conditions ’ Before the compila- 
tion of the 1932 edition, the end research sub-committee 
on the British Plinmiacopoeia suggested, “Where it is 
desired that official recognition should he gnen in anv 
part of the empire to an) local drugs or local substitutes 
we suggest that this should he left to the go\crnments 
concerned, which In means of supplements or addenda 
to w Inch thc\ ma\ "accord the neccssar\ sanctions, can 
meet an^ local requirements or introduce an\ modifica- 
tion or alteration desired ” \ccordingU an Indian 
pliamiacnpocial Jnt has been published in 19-16 Its 
utilitv IS set to be established It includes in the main 
seacral bitters, -volatile oils, astmigcnts for which 
Indian liotans and materia nicdica arc tamed, malt, 
e-xtract malt with shark Iner oil, derns. pvTctlmim, 
Pans green (insecticides) cobra and -vapor \cnonis 
pihila aloes ct fern and asafoetida (omitted In the new 
BP) etc 


The British PiiAKMAcororiA of 1948 

The task of compiling the last edition has In no 
means been an cas) one The committee has been 
assisted In a clinical committee of 20 members, eight 
other coniimttccs, some of them with see oral sub- 
committees The difficultN was enhanced b\ the fact 
that the compilers had to look not to the immediate 
future, but to 5 or 10 \cars ahead It ma) happen 
that some preparation on the crest of its populariU 
finds no mention in the list while another which has 
virtually been discarded ma) find a place Tlic seven 
addenda from 1932 to had tended to bridge a 
wide gap which otherwise would have been felt and 
tended to keep the 1932 edition reasonabl) up-to-date 
war conditions and rapid therapeutic advances taken 
note of 

The mam mterest about the 1948 Bntish pharma- 
copoeia (due in September this vear) is the striking 
commentary it prov ides on the great therapeutic 
advances of the last decade or more Ostciisibl) this 
IS evidenced b) the sire of the new edition which has 
about 300 pages added to the previous one About 
ISO entirely new monographs and about 155 new 
names have been introduced It has incorporated 
new', none the less familiar preparations like Cremora , 
‘Tabella’, ‘Emulsio’ etc The official injections have 
been increased from 6 to 84 

As evidence also of its reorientation is the dis- 
carding of no less ban 145 monographs of the 1932 B P 


Therapeutics, of late, having become a swiftU progres- 
sive art cum science, agents of questionable,' under or 
objectionable utilitv have righth Iieen passed bv Old 
IS not alwa)s gold, it sometimes tends to get motildv 
and has to be deemed a sold out protlucl The exit 
of several dnigs arc for the reasons such as (1) their 
utihtv is not commensurate with their unwanted 
actions, (2) better substitutes, possibl) cheaper arc 
rcadil) available and (3) occasionallv one or other is 
not available or not possible of stead) output The 
new admissions of drugs are for prccisclv the reverse 
reasons if, their established use based on known or 
recognised actions, their read) av-ailabihtv, etc. 

In tlx: inclusion of new medicaments, the new 
BP has maintained its traditional cautious consena 
(isin and a considerable tmic-lag is noticeable l)ctvva;cii 
the introduction of new remedies and their final installa- 
tion in the pharmacopoeia 

Though the Phannacopoeial Committee was mainlv 
concerned with the lavang down of standards of acti- 
vitv, its task of assessing clinical utilitv has been 
rendered casv bv the labours oi institutions like the 
‘Council of Phannac) and Qiemists’ of the 'Xmcncan 
Mcrhcal Association or the ‘Therapeutic Research 
Council’ of the British Medical \ssociation Iluat are 
more concerned with protecting the medical profes- 
sion and the public against “ fraud, undesirable 
secrccv, objectionable advertisements etc in connec- 
tion w ilh the inedicmal agents ’ and to assess drugs 
with reference “ the status of medicinal articles it 
IS importuned to use’ bv the manufacturer The 
pharmacopoeia nevertheless should be the standard for 
a medical man who should seek its aid on all occnsioius 
How man) general practitioners owai a phamncopoeia ’ 
Tlic phamiacoixicia nl«o tends to enforce a mcvhcal 
discipline with regards nomenclature, dosage etc 
Official names of propnetarv preparations arc not 
known to mail) Sometimas one comes across a 
medical man who is shocked that the dispenser had 
violated his instnictions in having given ‘Sulphathia- 
7o!c’ when the doctor had presenbed ‘CiliaroT as though 
a poison was substituted Atebrin is better knovvai 
than mejiacrine and a good few are confused between 
mcjiacnnc, pamaquin plasmoclim and quinacnne 

A legal difficulty of modem pliamiacopocia is the 
inclusion in some of them of s)ntliclic chemical 
remedies, the process for prepanng which have been 
patented and the substances arc sold under the trade 
mark names such as cibazol The sacntific chemical 
name is often long and uiiwield) and the phvsician bv 
naming the dnig by tlic patentee’s puts the pharmacist 
or chemist in difficulties If the chemist had no cilxazol 
when presenbed, should he dispense thiazaniide, in 
which case he lays himself open to attack bv tlie 
patentee The onlv plan therefore is for the ph)Sician 
to use the chemical official name which cannot be 
patented 

Instance comes to ones mind of a patient, a pro- 
fessor of economics, having a heated argpiinent with 
the vvTiter when cardoph)llinc that was presenbed for 
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his heart condition by a doctor rvas not available 
The wnter offered him ammophylhne that he happened 
to possess as phjsiaan's sample The profesor ^d 
that the tvo cannot be tbe same as cardophyllme 
obviously means for the heart while aminophylliM 
must contain amino acids for nutrition It is cotuessed 
that the offiaal name Theoph)lhne ci/m aethylene 
diatnme is a bit un\neldy, but by its use tbe leaded 
professor’s argument that tended to raise his blood 
pressure (rendering null and 1 old his treatment with 
rasodilator) could have been avoided 


tions of iron, mercury and calomel, Easton’s syrup, 
anbdysenteric and anbpenumococcal sera, etc 

Some paediatricians may bemoan the omission of 
confections as a class i e , cordectio sulphuns and senna 
And so do emplastra as a class find an exit 

Most fresh infusions barring calumba and quassia 
are replaced by concentrated infusions capable of 
storage This is also a move in the nght direction 
as it saves the dispenser in an institution needless 
w'aste of time 


Unfortunatelj the new Bntish pharmacopoeia has 
not enforced disapline with regards dosage although 
a step has been taken in givung both the impenal and 
metric dosage The tendency is for the metnc system 
to become universal 

The new B P has al^o introduced some changes 
in the names like ipomea for scammony, ouabain for 
strophantlim , the soluble banbiturates being desig- 
nated sodium liarbiturates and nupercaine emerges as 
cinchocainc Instead of pulverata, the word prcparafa 
is substituted Preparata like digitalis, ergota, opium, 
mix V omica being administered as such w'hile pulverata, 
fortv-four in number, are in the main used for making 
various pliarmacopocial preparations 

One would like to rapidlj survey the outstanding 
clnngcs in the 1948 British Pharmacopoeia m a little 
more detail 


Deletiors 

Pew will hmcnt the passing away of hoary 
remedies whose title deeds to therapeutics arc lost in 
niitKiuitv Thev include copaiba, buchu sandal wood 
oil, I'afoetida drugs which were once deemed effee 
live uriinrv diMiifcclaiits, asafoctida couhted a 'specific 
in In ■.tern’ \ few others were cacnficcd with an 
ms\ (onsciencc as they have objectionable side effects 
r r; methvi Milphoinl, carbronnl, jalap clirvsarobin 
frijihccd by dilhnnol), cantlnndin sulphapvndinc 
(the once famous M & B C93 that is supposed to 
have cured Mr Oitireliill of pneumonia in Tunisia), 
elc I’reparations where quiniiic is not intended for 
inatnienl of inalana have been deleted like Eastons 
svnip tr cinclinna co, fern et quinine citras, tr 
qiiiniiie animoiiiata, etc 

loud beiunaiK jlic hunal of hexaminc in the 
'"id-. *t\(u if the siiljilionaimdc-s have ousted 
l e'niiune it is undoubtediv a jiotcnt drug in large 
d(> ^s p),,,. ^ matter of opinion for liexatiiinc is 

a nuuh imsr>.cd dnig for disinfecting not iiicrcK the 
urinuv met Imt to diemfoct gall bladder sinuses in 
o> il I irn n^eal space etc Even it< •’ctinn alleged to 
l>c di c In tbr rekasp <-,1 fornvaldchvdc 111 acid environ- 
n t i' cr-iK to hr- in doulit One fee!' thc'cinn tip* 
It ' I V t 1 t a u a*' 

^ \ Aw (' n' ptjvi-ition liaae Ixei disca-dcd 

s~ l >r !\r j -i-;ei-i'io iv 're u 'w j "r r'"Cii 

■' ' v V vt 1 I I sc si’r- < \i an 1 I’ t ij'C 


The familiar black w'ash or lotio hydrargy^n mgra 
IS out and is replaced by' lotio calamine, the solitary' 
representative of the group lotions 

With liquor quinine ammoniata also exit liquor 
epispasticus and liquor arsenic et hydrargy'n lodi, the 
once popular Donovan’s solution 


Admissions 

The outstanding group-admissions are the Tnjec- 
tions, ‘Tabella’ and ‘Cremora’ — 

The status assigned to vijcchojis (six increased 
to eighty'-four) is presumably in tune with the times 
that the patient of today is more impressed with an 
injection than a bottle of medicine Some of the new 
arrivals in the group of injections are really familiar 
one like morphine, adrenaline, atropine, arsphenamine, 
strophanthin, etc , only made immediatelv av'ailablc m 
a convenient form The modern trend to use pure 
chemical substances in an injection form for rapid and 
certain effect is reflected in the inclusion of injectio 
digoxin (Ainenca seems to prefer digitoxin), mepaenne, 
inetbanosulphomtc, pethidine hydrochlonde, crgoine- 
tnne malleate etc Hormonal preparations are put on 
a firm basis by tlie inclusion of injectio desow eorli- 
costcronc acetate, progesterone, testesterone propio- 
nate etc \btamins now availalilc in injectable form 
arc given recognition in injectio meinjilitlionmii, 
ancunne hvdrochloride etc Parenteral sulphonannde 
administration is also adiinttcd bv the inclusion of 
injectio siilpliatlnarolc sodn, injectio sulp’iadiarnic 
sodii etc 

The old pitmtan extract is trifurcated into injcctio 
posterior pituitary, owtocin and vasoprC'Sin \ new 
injection not familiar to inanv is injectio actlianolamiiie 
olcatis (0 9 fx;r cent, 2 to 3 c c ) u'ed as a 'cIcro=nig 
agent m the treatment rif varicO'C veins Out of the 
15 injections of 1932 B P five find an exit like mjcctio 
fern iiijcctio livdrargvri mjcctio 'odium mnrrliuate 
etc One fads to understand v h\ injectio <rKlu 
clil'i'idi ct acacia of the 1932 B P has fi',en rcjilaccd 
bv Jiingcr 'olutio i or injectio '''Hi c'dondi comp'i'ita 
Notable mi'cellancous mjtclioii' inch de tlio'e o'’ 
di'a'lnie and ndowl (lor jivclograp’n 1 , su—’mm 
''al>ophan, vylii tlnocidph 'r,'h -■ur'', ' ' u l!'''’te (rr 
mv^e n 1 c'o m that 1 a' ^ 1 ( -t-'ld ’ -xl a ib « m 
10-, e-a*e j . me 1 \d '-'arj 1 f il 1 ! n < m- 

1 o \ •'halt-' tat—-—. >1 , I 
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prcparation<; reasserting thcinsehes despite urea stiba- 
inine and ncostibosan AUogctlicr tiic 1948 B P list 
of injections numbering eighty and odd is ecn, imprcs- 
sne Parenteral medication as the route of choice 
gauged bj efbciencj, cconomj and cnergi seems to 
iiaee gamed recognition 

TabcUa — Since tlie nd\ ent of tlie sulplia drugs and 
vitamin products in the form of tablets and the 
populante of this form of medication nith the public, 
tablets are recognised m the latest pharmacopoeia 
The 1932 B P had just one tabclla t c , ghcerjlis tnni- 
tratis, though the 7th addendum included erjthrol 
tetranitrate. The sublingual administration nitb 
CMdencc of better absorption here than in the stomach 
necessitated the inclusion of tablet form of the vaso- 
dilator The non-rccognition of tablets till now was 
due to the fact that when made b\ compression the 
tablets are often so hard and sometimes insoluble that 
thej escape absorption and arc often detected in the 
faeces The specific mcUiods iirescribcd for tablet 
making m the B P 194S i c moist granulation or drv 
granulation or granulation bj prchminan compression, 
seem to be intended to oiercomc the possible nsk of 
nonabsorption 

There arc 49 tabclla m the new B P mchidmg 
the familiar sulpha compounds, \anous vitamins like 
ascorbic acid, nicotinic acid, acctmcnaphthonum, 
aneurinc lij drochlondc etc., alkaloidal tablets like 
ephednne, codeine, atropine, etc , sev cral popular 
analgesics like aspirin, phciiacctin, Dover s pow per, etc 
smglv or in combination (some of the familiar pro- 
pnetarj ache tablets like voganin, sandoii, etc , having 
secured recognition), hormones like thvroid, tcstc- 
stcrone, progestin, a sv nthctic form of it named acthi- 
steronum he.\ocstcrol, dicnoestrol etc It is mtcrcsting 
to note that of the sulpha compounds sulphamlamidc 
suhihathiazolc, sulpliadiazme, sulphacetaniidc, siilpha- 
guanidine and succmjl sulphathiazolc alone have 
gained recognition bulphapv ndinc, prontosil, pro- 
septasinc etc , arc jmssed hj If one niaj venture n 
forecast, sulphaguanidine, sulphacctamidc and succinjJ 
sulphathiazolc niav, have a short lease of life , for the 
other three promise to lie ‘all comprehensive between 
them 

The size of the taliella vairics, the maximum size 
being half a gram Dosage is in terms of tlie active 
pnnciple always The dosage of Sulphaguanindinc is 
given as 0 S to 2 Gm like those of sulphathiazole and 
sulpliadiazme while the dose of succinyl sulphatliia- 
7 olc IS given as 0 25 Gm per piound 

Crcitiora— These are just elegant versions of 
unguenta or pasta The designation cream or crcniora 
sounds less of a medicament and they are also looking 
more elegant, hke to cosmetic creams 500 units of 
sodium or calcium penicillin are to be in a gram ot 
the cremora incorporated mth hard and liquid paraihn, 
emulsifj'ing wax and chlorcresol for mild sterilising 
The preparation cremor penicillin stenlisi^s vnthout 
chlorcresol but sterilised by autoclaving and wnth more 
vrater IS intended for injection intramuscularly There 


is also an tinguenfum penicillin The two otcmal 
medicaments of penicillin are vet to establish their 
Htihtj 

Other jiczv cutrauts — In the group of general 
anaesthetics arc included aether vinihciiiii or diviml 
ether and tnchlorcthy lenuiii or trilenc The foniicr “is 
deemed of value in short operations particularlj over 
(he nasopharj-ngcal region, while the httcr is finding 
an imjwrtant place m the trcntineiil of trigeminal 
neuralgia Cvclopropanc is already included in the 
7th addendum 

The closely allied tctrachlorethy Icnc has secured 
official recognition as a safe anthelmintic against 
hookw orm 

Pliciutoiii sodium licttcr known as dilantin sodium, 
a valuable, anticom uKant has Iiccomc offinal Amongst 
opium derivatives the notable change is tlie admission 
of papal enne (injection) as ,a valuable antispasmodic 
with a status equivalent to mjcctio ethcophvllinc aethy- 
Icncdiaminc and the new petliidme by drochlondc 
(Pethidine is also analgesic) \ significant change m 
the outlook is also noticed in the incorporation of 
codeine and even Dover’s powder with aspinn as 
analgesics Though so far one failed to notice m the 
innumcmble |xitcnt analgesics like asjiro, snndon, 
vegnnin, novnlgin, cibalgin sandoptol etc, aiu inclu- 
sion of opium derivatives, the lead b\ the BP. mav 
tend to open the flood gates 

In the cardiac group of dnigs introduction of 
tabclla digitalis pulvcrata and taliella digoxm arc no 
less noteworthy than the change in the nomenclature 
of stropbantbin to ounlnin Infusion of digitalis is no 
more official One is cagerh looking forw ird to the 
inclusion of digitoxin and the products with pre- 
dominant vasoconstrictor svanjKitliominielic action 
Substances claimed to li.av c the latter action 7 c , pre- 
doimnnnt peripheral vasoconstrictor action without 
the cardiac accelerating or cerebral action like s\aie- 
plirin, propadnne, mclhcdnne etc, have not yet been 
recognised Similarh on the pamsyaiipatlictic side, 
atropine substitutes like syaitojian nciirotrasentin 
cumv drin etc , hav e not secured recognition except 
pethidine winch has the added analgesic cfTcct 

Thiouracil and methyl thiouracil arc now included 
m the B P The list of vaccines have increased from 
3 to 8 or more, including acne vaccine, cholera, 
pertussis, staphylococci, Flexner dvscntcricum, typhus 
and yellow fever vaccine There arc several modifica- 
tions in the list of vaccines, sera and toxins that it is 
difficult to comment The toxin list has included 
those of staphylococcus, and tubcrciilimim The sera 
list has deleted antidy sentenc and antipncumococcal 
sera 

It IS hoped in concluding tliat the medical profes- 
sion in the use of drugs vv ould giv e heed to recognised 
medicaments as embodied in the B P and would also 
submit itself to the medical discipline m the choice, 
designation and dosage of therapeutic substances 
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Notes and news 

IHC 3KD ANNUM. CONPUUENCE OF 

GUI \FAT, CUTCH \ND K\THIAWAR 

Uiukr tlic aiispicch of the Gujarat and Kathi.iuar 
ProMiicial nmiuh, I M 3rd Xniuial Conference of 
tlie medical men of Gujarat, Cutcli and K itluamr mil 
he held nt Sunit m I\Inrch, 1919 The rcitjilion 
committee has hem formed under the. ihle thairnnn- 
ship of Dr K Di\it Paper'- on imjHirnnt scienlihe 
subjects mil be read ind diMU'-'-cd h} eminent medic il 
men ol the iiroemee It is iKo fle-eided to ha\L an 
c.\hihition of surjjical and medical aiipliancc'. and 
phannac'^utieail products For further [larticiilars 
jileise communicate to Dr K H Jfamdualla, Orga- 
nising Sccretarv, \ anki-P.ordi, Surat 

ALL-INDIA DENTAL CONPEKENCE 

The Fourth All-India Dental Conference his been 
united to hold its session in Calcutta on rehruar\ 3, 
6 and 7 , 1949 h\ the Bengal branch of the All-lndia 
Dental Association 

The honorarv organising bccretan of the Recejn 
tion Committee announces that the Go\ emor-Gcneral 
of India, HE Sri C Eajagopalachan has consented 
to be the patron of the conference 


STUDY OF DENTISTRY ABROAD 

The following candidates hate been selected on 
the Central Selection Board for advanced training 
abroad in dcntistrj under the Government of India 
scheme 

Central candidates 1 Mr Prem Prakash, 
2 Mr Daman Lai, 3 Capt T Chudgar 

Provancial candidates 1 Dr T N Cliavvala 
(UP), 2 Dr Han Da)al Gupta (U P ), 3 Dr A 
N Khandadia (Bomkiy), 4 Dr Kashi Nath Paul 
(West Bengal) 

States 1 Dr Bnj Baliar Singh Marya, 
(Patiala), 2 Dr Ram Pratap (Nabha), 3 Dr 
Jogmder Singh (Fandkot) 


RESEARCH IN MENTAL DISEASES 

Following tlip recommendation of llic Bhorc 
Committee, the Upgrading Committee appointed by 
tlie Government of India has selected tlic Iilcntat 
Hospital, Bangalore, as a centre for rescardi and post- 
graduate study m mental disease Dr M V 
Govindasvvami, Superintendent of Bangalore Mental 
Hospital, will be the Director of post-graduate study 
and research 


LADY" TATA MEMORIAL TRUST 

The Trustees of the Lady Tata Manonal Trust 
announces tlic award of the following scholarships and 
grants for the year 1948-49 


liiftriiallonal Awards (or research in diseases o( 
the blood with sjicaal rcftrtiicc to kucacimns 

1 Dr jorgen Bichcl, Dcmnark, 2 Dr Joliaimcs 
Clcminc-scn, Denmark 3 Dr C F M Plum, Den- 
mark 4 Dr Simon iversen, Denmark S Prof 
Edoard Storti, Itnl> 6 Dr Picrrc Cizal, France 
7 Dr Guido Tottennnn, Finland 8 Dr Peter A 
Gorcr, England 9 Dr Edith Paterson, England 
10 Dr M C Bessis, France 11 Dr Kclcmcn, 
Himgarv 12 Dr iK. Mrs Paterson, Clinstic Hospital 
and Holt Radium Institute, Manchester, England 

Indian Sdiol irships of Rs 250 jicr month each 
for one 3 tar from 1st Juk 1948 for scientific investiga- 
tions having a licanng on the alleviating of human 
sufTcrmg 

1 Mr Suprabhat Jiliikhcrjcc, (Applied Oicmis- 
tr^), Calcutta 2 Mr \ashwant lialkrishna Rang- 
nekar, (Biochcimstrv), Bomlw} 3 Mr Ganga- 
gohmda Bhattacliarva, (Dialictes), Calaitta 4 
K Ramaimirti (Biochcmisfn j, Bangalore. 5 Miss 
V Shanla I\ anger. Bomba) 6 Mr B K Sur (Bio- 
chcmistr)). Bangalore 


CLINICAL TRIALS OF NEW REMEDIES 
UNDER THE I R F \ 

Tlic Sccrctar), Governing Bod) and Scientific 
Advisor) Board, in addressing all hosjiitals in India, 
Indian Research Fund Association, New Delhi, 
writes 

The Governing Bodv of the Indian Rcscardi 
Fund Association has on the advice of its Scientific 
Advasorv Board, decided to establish under its auspices 
a Therapeutic Trials Committee’ to sponsor and co- 
ordinate clinical research on new thempeutic agents 
This Committee will encourage and aid iinjiartial 
clinical tnals of biological, chemothcraixiutic and 
jibamincciitical agents of Indian or foreign ongin, 
which offer promise m the prevention, treatment and 
diagnosis of diseases Tlie Medical Research Coun- 
cil of the United Kingdom and the Council of Phar- 
macy and Qicmistr) of the Amcncan ilcdical Asso- 
ciation have set up similar bodies in their respective 
countries and it is considered that the tune is now rijie 
for the initiation of such an organisation in India also 
Tlie Committee constituted by the Scientific Advisory 
Board of the I R F A for the puqiosc is as follow s — 

1 Dr M G Kini, late Superintendent, Stanley 
Hospital, Madras 2 Dr B Mukcrji, Director, 
Central Drugs Laborator)’, Calcutta 3 Lieut -Colo- 
nel Jaswant Singh, Director, Malaria Institute of 
India, Delhi 4 Dr J C Patel, Honorary Assistant 
Physician, K E M Hospital, Bomba), (Secretarv) 

This Committee is empowered to co-opt other 
members as and when required and its funcUons wall 
be — 

(?) to frame niles and regulations for Ijie con- 
duct of clinical tnals. 
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(n) to obtain necessary information regarding 
faalities arailable in different institutions in India for 
this t>pe of work This information will be obtained 
through the office of the Secretary, Indian Research 
Fund Assoaation, 

(jij) to deade in the first instance on the suit- 
abilit} of ^hy particular drug for clinical tnals , and 

(m) to collect data regarding suitabilit) of the 
place and personnel who should be invited to under- 
take clinical trials of a particular type of drug 

The conditions under which the Indian Research 
Fund Association wll be prepared to undertake 
clinical evaluation of new remedies of Indian or foreign 
origin submitted bj the manufacturers have been * 
drawn up on the analogj of those adopted by the 
Medical Research Council of the United Kingdom and 
a pnnted cop) of this is enclosed for )Our informa- 
tion To carr) out satisfactorily clinical trials of such 
agents the Assoaation will naturally require the co- 
operation and help of all medical institutions in India 
which haie facilities for such work and wnth this end 
in Mcw I wnte to request )ou kindly to let me know 
at )our earliest conicnience whether your Institution 
would lie prepared to undertake clinical trials on behalf 
of the Indian Research Fund Assoaation when asked 
to do so It is requested in this connection that you 
would be so good as to fill m the attached question- 
naire giung information under the ^•a^ous heads 
required b) the Committee and send it to this office 
as soon as possible. 

Facilities arailablc in for the 

conduct of clinical trials 

1 Name of Institution 

2 \unibcr of beds with the number of specialists 
and junior medical officers attached to each dmsion 


(d) Indicate the special types of laborator) tests, 
e.g, liver function tests, kidney function tests, gastnc 
test-meal analysis, B M R , etc , that are commonly 
undertaken in vour hospital 

(e) Are there arrangements for pharmacological 
testing and determination of toxiaty m laborator)’ 
animMs -of unknow’H medianal agents ’ 

(/) Is there any arrangement for graphic 
recording? 

(ff) Is there an) arrangement for radiological 
examination and ph)'sio-therapeutic applications? 

8 Is^ )our Institution recognised as a Teaching 
Centre’ If so, what is the number of members of 
the teaching staff m each department? 

9 Is It recogmsed for post-graduate training? 
If so what courses of study are offered? 

10 Is your Institution prepared to undertake 
clinical tnals on behalf of the Indian Research Fund 
Assoaation If in the affirmative please suggest names 
with qualifications of officers w'ho wish to be on the 
panel It ma) please be stated W’hether the) have 
undertaken an) work of this kind before and details 
of such work furnished 

11 State the faalities available m )our Institute 
for (fl) clinical research and (b) b^ic research 
Would the existing facilities, in your opinion, be 
adequate for conduct of clinical tnals or would further 
help be needed? If so, a bnef statement of the t)pe 
of help that w’ould be needed may please be gi\en 

12 Is an) research work being conducted at your 
institution wuth the aid of the funds of the Indian 
Research Fund Assoaation or an) other body or 
independent!) ? 


(a) Medical 

(b) Smgical 

(f) G)inccolog\ Obstetrics 
(d) Ojihthalniologi 
(cj Qicsl Diseases 
(f) Others 

3 Is there a scjiarate Qiildrcn's hospilpl? 

4 Is tlierc a separate Dermatological ward' 

s Xumlicr of beils tint can be set apart in each 
wanl for controlled cliniml stud) without hampenng 
ihe routine work 

d Doeji the Institution iiniiitain an Out-Paticnts 
Ikpartiuent If so, the a\crigc attendance (nionthU 
widU ) t\ix.s of cases treated nia\ lie 

stated 

' (<il Is there a clinical diagnostic lalwralon 
alt iclird to the ihflcrtiu hosjntal dnisions? 

I f 1 \te ihc'e aTrangcnirnts for jxa't-niortan 
evamn allot] ml pathological and Iiactenolngical 
rs-’n I iti.i V' 

111 Iv line a sepataic hUiratorv fn- liaam’o- 
* cd ai ! his'inncal wiu'. tt ihr la ,i tal palm’s' 


CHLOROMYCETIN IN RICKETTSIAL 
INFECTIONS 

The efficac) of the antibiotic, chlorom)cetin, in 
scrub taphus is hkch to prose a discoaer) of capital 
importance The first results of the Anglo-American 
clinical tnal proceeding in Mala)’a suggests that wc at 
last haac a potent remed) for the rickettsial diseases 
The antibiotic was isolated m 1947 b) Ehrlich and 
colleagues (Sctaicc, 106 417, 1947) m Detroit from 
a soil actmomaccte, and its actiac pnnciplc, obtained 
in crastallmc form aa-as found to differ from an) anti- 
biotic so far described in containing both nitrogen and 
non-iomc chlonnc In laboraton infections chloro- 
maectm weight for weight, appcircd more effcctiac 
sgainct E pro-iveekt in chid cmbr)os than ana other 
agent toited under these experimental conditions, and 
tirge dotes p-oduced no samptoms in animals These 
i icouragmg lalioratora results demanded clinical 
tnal m human taqihus infection, and satisfarton rcsu]l^ 
^cre claimc^i m a ftw ca^ cp dcmic t^p'ius in 
Mexico earla th.s a car S ncc March Smadel ami 
ojc' rc earch aorkers from the Arqia and the 
Inac'tta <> Maabrd Iwac liem collalvaoiting a ith 
1 a 1'un ’c a”.! Kuala Luiipir ,n a ch i-cal 
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the nami’ ” '“'“P™"''! <«cr, ,s-n. one ot ‘?aHla,hrtr mnh./lralS of 

ThcTsZ^rl rl t0«ns and urban districts 

and enhf' , ’"'’■ecnous to a large part of tropiaii 

‘=''^tcnt uas not realised 


numlicrs of troops were put into jungle 
prc\ loiisl} un\ isitcd bj w hitc men It has long liwn 
rcco^iscd m Mahj-n and much work Las been done 

Tne/f ^ xr and his colleagues at the 

Institute of Mtdical Research, Kuala Lumpur, so it 
IS fitting that this institute was dioscn as^tlic head- 
quarters of the tnal The sector of the disease is a 
mite, not unlike our own “haia ester ’ that picnic parties 
encounter m the Scptcmlier com stubble, but picked 
up in the tropics bj Walking through the LaLang grass 
Ihe mergrown rubber plantations arc now being 
cleared after tlie Japanese occupation and the disease, 
alwajs endemic, is being encountered again among the 
nati\e workers So far 25 patients ha\c been treated 
wath the drug, while a control group of 12 untreated 
^cs liasc been observed dunng the same period 
The treated and untreated come from the same areas 
and in some cases from the same plantations, so the 
strains of 7? tsutsugamush are likclj to be of similar 
aarulence Tlic mean ages of the two groups — an 
important factor in anj typhus infection— were the 
same. The diagnosis a\as proved in each instance, 
either by recovenng the rickettsia from the blood or 
bj demonstrating satisfacton- litres for agglutination 
against an OXK strain of Proteus, In the treated 
group nolKid) developed complications or died, the 
average duration of fever after the first dose was 31 
hours, and the average total febrile period 7 5 dajs, 
one man, treated on the 3rd daj of the disease, was 
disdiargcd for light work on the 9th daj after onset 
In the untreated group of 12, 2 patients develop^ 
serious complications and 1 of these died, while the 
mean duration of fever was 18 I davs The Chloro- 
mycetin was given by mouth, mitiall> m large doses 
but these were graduallj reduced, and the last 7 eases 
were given the drug for onlj 24 hours, receiving a 
total of 6 gm with an cquallj satisfactory response 
Half the patients were treated on estate hospitals 
where nursing conditions arc ncccssanlj somewhat 
pnmitivc 


rro,„ 1945 To JunC So o“, „t 

20 rats, 

wath Postcuret/n'lT'rT^^'^'c'’^^^ infected 

began at the #>nrt Sjslcmatic rat destruction 

Sn£-^nr nil ^‘^^ard rat 

pJiospJiide, red squill, arsemous oxide 
and (he more recent addition, 'A , tu (L-mnhU vl 
th,ourca)-werc used Flam bait laid £ K 

ban vvas laid P^'f^ing a difTercnt plain 

Sex t * infestation Where 

agam for ouSr continued 

S M ’'Inch a new poison 

?}so carnS buildings 

and bmlt alx /‘"a “ 

anu tjuilt up areas, including the sewers were 

svstcmaticallv treated When the ennirli ’ 
started ne-iri. .,11 .1 I me control measures 

‘ "11® taken, six to ceventeen 

months after treatment onlj 11 6 pci^ cent of 36’ S 

red^ ’•'ccc daj s after setting The 

a dw^se*in the .I^Pn^ntion was accompanied b> 
a dwease in the inadcnce of plague and of flea-borne 
typhus iRcsearch, 3 334, iM) 

use ^rSfe"^he df d"”'’''/'’" m common 

use ail nave the disadvantage tliat thev are nn,dli 

aclmg and produce acme sjmploms ot 

uhen eaten suWelM dosti tl“ 


To those who have Iiad experience of scrub 
typhus m the Burma campaign these results wall be 
more than striking, they wall alter the whole picture 
of a disease. From the laboratory work it is not too 
much to hope that this new antibiotic will prove 
equally effective against otlier nckettsial diseases If 
so, the future history of the typhus group of diseases 
will depend on how far the demand for diloromy cetm 
can be met. — Lancet, 1 954, 194S 

' '* METHODS OF RAT DESTRUCTION 

In the last seven months of 1945, 75 cases of 
plague were diagnosdd m Malta, and Barnet (/ Hyg 


troublesome condition of “bait shymess’* m the rat 
colony and niahcs 100 per cent cmdicat.on difficuTt 
even when prcbaiting ,s used He has therefore been 
studying the use as a rat-poison of dicoumarol the 

which has long been kmown to cause fatal 
haemorrhage dixeasc m cattle. The average fatal 

dose for albino rats waghmg 250 g is 28 mg Tf taken 
over fourteen days, whereas 30 mg given over three 
eff^t’^^M '^‘id' This necessity for a cumulative 
S ' f»>c ^er of accidental poison- 

ing Dogs weighing S-10 kg survive single doses of 
1 g per kg of body-weight and daily doses of 50 mg 
administered over ten to fourteen days vvithom 
developing spontaneous haemorrhages 

k ♦ field tnals dicoumarol was added to 

^it a the rate of 200 mg per lb drv vverriit 
^ebaitmg Iim proved to be unnecessary, for ^the 
pois6n IS entirely acceptable to the wild rat The 

ensure that the rodents have constant and free access 
to the iwisoncd ^it The amounts eaten gradually 
become less as tlic rats become weaker and die but 

oSn^r tlie source of remfestation 

a complete clearance can be 

‘^'““™’'ol more economically tlian by 
other methods — Lancet, 1 -996, 1948 ^ ^ 
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LIV06EN™. 

The Rational Tonic 

Of ^ I > I crj c > <r tt'n^ t\', » n fi rtpwii 


The effective utilisation of food and the 
maintenance of full health and vigour 
arc impossible in the absence of an 
adequate supplj of all members of the 
vitamm B group, the average mtakc of 

> 

which IS probably lower m present 
circumstances than that of any of the 
other vitamms 

Livogcn, which prondcs aH the 
members of the vitamin B group 
contained m yeast ewract, together with 
hver extraa, is the rauonal tonic for all 
patients whose diet is laclung in these 
csscnual faaors o' who arc subjected 
to unwonted strain 
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trial in scrub t\|)lui5, flnd prclihiin.’it-V 

reported at the International Congress on Tropical 

itlcdicine at Washington, D C, in May 

Scrub tophus, or tsutsuganiiislii fever, was one of 
the major medical problems of the Burma campaign 
The disease is indigenous to a large part of tropical 
and subtropical Asia, but its extent was not realised 
until large numlxirs of troops were put into jungle 
previoush unaasited by wliite men It lias long been 
recognised m Malaya, and much work has been done 
on It tlicrc bv Lewtliw hite and his colleagues at the 
Institute of Medical Research, Kuala Lumpur, so it 
is fitting that this institute was chosen ase.thc head- 
quarters of the trial The acetor of the disease is a 
niitc, not unlike our own “harvester” tliat picnic parties 
encounter m the September com stubble, but picked 
up in the tropics b\ Walking through the lalang grass 
The overgrown nibber plantations are now being 
cleared after the Japanese occupation and the disease 
always endemic, is being encountered again among the 
native workers So far 25 patients have been treated 
wath the drug, while a control group of 12 untreated 
cases have been observed during the same penod 
The treated and untreated come from the same areas 
and in some cases from the same plantations, so the 
strains of R tsitlsugaviushi arc likely to be of similar 
varulence The mean ages of the two groups — an 
important factor in any typhus infection — were the 
same The diagnosis was proved in each instance, 
cither by recovering the nckcttsia from the blood or 
by demonstrating satisfactory titrcs for agglutination ' 
against an OXK strain of Proteus^ In the treated 
group nobody developed complications or died, thr 
average duration of fever after the first dose was 31 
hours, and the average total fcbnic penod 7 5 days 
one man, treated on the 3rd day of the disease, wa'" 
discliargcd for light work on the 9th day after onse 
In the untreated group of 12, 2 patients develojK' 
senous complications and 1 of these died, while tb 
mean duration of fever Nvas IS 1 days The chlor. 
mj'cetin was given by mouth, initially in large dose > 
but these were gradually reduced, and the last 7 ca* - " 
were given the drug for only 24 hours, receiving 
total of 6 gm witli an equally satisfactory respon 
Half the patients were treated on estate hosp «. 
where nursing conditions arc necessarily somew 
pnmitiv c 

To those who have had expcnencc of 
typhus in the Bunna campaign these results wu 
more than striking, they will alter the whole pi 
of a disease From the laboratory work it is la 
much to hope that this new antibiotic will 
equally effective against otlier nckcttsial discasi 
so, the future history of the typhus group of i 
will depend on how far the demand for chlorc« 
can be met — Lancet, 1 954, 1948 


* ,M!ETH0DS of RAT DESTRUCTK 

In the last Seven months of 1945, / 
jilague were diagnosed in Malta, and Bar^*^ 
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Attempted Isolation of Haem a and Porphyrin a from Heart Muscie 


By J. E. FALK aot> C. REVIINGTOK 
Department of Chemical Pathology, University College Hospital Medical School 
Umversity Street, London, W.C. 1 


{Received 1 August 1951) 


Haem aisthe namewhichhasbeen given (Rawlinson 
& Hale, 1949) to the haem which is apparently the 
prosthetic group of at least some of the cytochromes 
a. Studies of the visual spectrum of this haem, and 
of its iron-free derivative, porphjrrin a, in com- 
parison with the spectra of other porph 5 Tins and 
haems of Icnown structure (Lemberg & Falk, 1951) 
have led to the postulation of two possible structures, 
consistent with all the data available. 

In addition to visual spectra an extensive study 
has been made of the infrared spectra of most 
natural and many synthetic porphyrins and haems 
(Falk & Willis, 1951) in the hope that these might 
provide an analytical tool tluough which further 
details of the structure of haem or porphyrin a may 
be made clear. The infrared spectra of porphyrins 
and haems provide a useful means of identification, 
not only of individual porphyrins, but also of certain 
side chains on porphyrins. When the infrared 
spectrum of pme haem or porphyrin a can be ob- 
tained, some further light may be thrown on its 
structure by this means. Unfortunately, the isola- 
tion of pme material has not yet been achieved. The 
study reported below concerns further work on the 
isolation of the compound, for the purpose of ob- 
taining pure material for measurement of its infra- 
red spectrmn and, if it could be obtained in sufficient 
quantity, for direct chemical study. Haem o of 
doubtful purity has been obtained in very small 
quantities from horse heart (Negelein, 1933; Roche 
& Benevent, 1936) and from both ox heart and the 
cells of Corynebacterium diphtheriae (Rawlinson & 
Hale, 1949). The haemochromogen band of this 
haem, at about 587 mp., is easily observed with the 
hand spectroscope in pyridine extracts of many 
tissues (heart muscle, pigeon-breast muscle, insect 
thoracic muscle) after dilution with water and 
reduction with lSra 2 S 204 . Attempts to isolate the 
haem are complicated, however, by four factors: 
(1) The lability of the haem itself, particularly in the 
presence of tissue components such as cysteine 
(Rawlinson & Hale, 1949). (2) The concurrent 

extraction of much protohaem (from haemoglobin, 
myoglobin, catalase, etc.). (3) The concurrent 
extraction of a lipid material which it is extremely 
difficult to remove completely. (4) The relatively 
minute amount of the haem present in the tissues. 


Hegelein s (1933) method depended on the ex- 
traction of the total haems from water-washed, 
minced muscle with acetone acidified with hydro- 
chloric acid. The yield of material with ‘a very weak 
protohaemochromogen band at 557 mg.’ was 
12 mg.from5 kg. offresh mince. The Soret band was 
at about 430 mg. 

Negelein considered that the haemocliromogen of 
haem a had a single visual band (at 587 mg.). Roche 
& Bdn^vent (1936), on repeating Negelein’s pro- 
cedure, obtained a compound with haemocliromogen 
bands at 587 and 530 mg. By a modification of 
Negelein’s process they obtained a compound, 
completely free from protohaem, with only a single 
band in the visual region, at 587 mg.; the Soret 
band was at 425 mg. Roche & Benevent were 
unable to crystallize this compound satisfactorily; 
they presented evidence which led them to believe 
that the compoimd with the two-banded haemo- 
chromogen (587 and 530 mg.) was the true haem a, 
and the compound with a single visual haemo- 
chromogen band an artifact. 

In 1949 Rawlinson & Hale developed a new 
method for the separation of haem a from proto - 
haem. After extraction of the haems from the tissues 
by acetone-hydrochloric acid, they were trans- 
ferred to ether, adsorbed on a column of aluminium 
oxide, some lipid removed by washing the column 
with ether, the haems eluted with hot glacial acetic 
acid, and transferred again to ether. On extracting 
this ether solution several times with an aqueous 
pyridine-hydrochloric acid buffer the protohaem 
was completely removed, leaving haem a in the 
ether phase. The haem so obtained was contami- 
nated with lipids, but its haemocluromogen had 
only a single absorption band in the visual region 
(at 687 mg.). Rawlinson & Hale found that the 
haem corfid react with compoimds such as cysteine 
to yield a substance which gave a haemochromogen 
with visual bands at 553 and 525 mg., and that such 
reactions could occur during isolation by unsatis- 
factory procedures. They considered, and it now 
appears acceptable, that the natural haem a is the 
Compound which has a haemochromogen with the 
single visual band (at 587 mg.). Though Rawlinson 
& Hale’s process was a great improvement on 
Negelein’s, involving far simpler and fewer manipu- 
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lations, the yield was very small, and the product, 
which was contaminated by lipids, was unstable. 
Rawlinson & Hale (1949) prepared a porphyrin from 
this haem; the visual spectrum of the porphyrm 
prepared in this manner was used as a basis for some 
of the work of Lemberg & Falk (1951). 

Negelein had earlier (1932o) reported the isola- 
tion of a porphyrin from pigeon-breast muscle which 
he called ‘ cryptoporphyrin’. The haem prepared by 
the introduction of iron into this porphyrin gave a 
haemochromogen with bands (about 582 and 
531 mil.) recalling those of some other early haem a 
preparations, and at first he thought that this was 
possibly the porphyrin of the prosthetic group of 
the cytochromes a. Shortly afterwards, however, 
Negelein (19326) reported evidence which led him to 
believe that this porphyrin weis an artifact arising 
from protoporphyrin through the action of hydro- 
chloric acid during the isolation; indeed, in the 
original paper he reported that the porphyrin could 
bo obtained from crystallized, but not recrystal- 
lizod, haomin from blood. No cytochrome a has 
over been identified in blood, and there is thus 
good evidence that the porphyrin was an artifact. 
This was further discussed by Lemberg & Falk 
(1961). 

It was now sought, after extraction of the haems 
from ox heart and conversion of these to porphyrins, 
to prepare porphyrin a in greater quantity and in a 
pure state. A process was indeed found by which 
relatively largo amounts of porphyrin, free from 
protoporphjTin, can be prepared conveniently in 
ordinary laboratory apparatus. It has been shown, 
however, that porphjTin a prepared by this method, 
and jiresumably by any method so far available, is a 
mixture of eloselj' similar substances. Evidence is 
presented which shows that these substances arise, 
during the isolation, from one, or at most relatively 
few precursors. 

The cause of the degradation of the original sub- 
stanco(R) has boon found to bo the action of acid and 
no process has been found in which this can be 
avoided entirely. Until such a process is devused, 
the ]Jroblcm appears to bo insoluble. 


MATERIALS AND INIETHODS 

.-Ifisorjilion sjicc/rn \Yerc measured with a Beckman photc 
electric spectrophotometer. 

Ktlur was treated to remove peroxides. 
llffilrorhlonc arid concentrations. Because tlie familin 
IKl miml)er (\\ illstatter no.) widely used in the purifier 
tion of porphyrins is stated in terms of % (w/v) HCI, thi 
form is usial instead of normality. 

licnclion irith h;,drox;ihtninc. To a solution of tli 
porphynn m pyridine, exeess of a mixture of equivaler 
mnounts of solid hydroxylamine hydrochloride an 


Preparation of porphyrin a. Method A 


(1) Extraction of haems. Fresh ox heart (4-6 kg.), dis- 
sected free of macroscopic fat, yielded 3-2 kg. of minced 
muscle; this was washed twice with acetone at 0 , pressing 
out each time, and air dried (800 g.). Of this dried mince, 
500 g. were extracted at 3° for 2 hr. with 2 1. acetone con- 
taining 40 ml. cone. HCI. The extract was filtered from the 
tissue residue; so little haem remained in the tissue that a 
second extraction was not profitable. The filtrate was mixed 
with an equal volume of ether, and the acetone and HCI 
washed out with 2 % NaCl to minimize emulsions. 

(2) Preliminary defatting. The ether solution was now run 
through a column (10 x 3 cm.) of MgO grade III (Nicholas, 
1951) packed in ether; the haems were adsorbed as a very 
deeply coloured layer at the top of the column. The column 
was then washed with ether (about 2 1.) until the ether 
running through no longer left a fatty residue on evaporation. 
The dark zone containing the haems was separated from the 
column, and the haems eluted with glacial acetic acid. Since 
MgO dissolves in glacial acetic acid, the elution was quanti- 
tative and could be done at the melting point of acetic acid. 
The acetic acid solution was mixed with about 2 1. ether, and 
the acetic acid and the magnesium acetate washed out with 
2% NaCl; the ether was then removed in vacuo. 

(3) Removal of iron from haems. The residue was dissolved 
in 100 ml. hot glacial acetic acid, and this solution treated iri 
20 ml. portions as follows. The haem solution was brought 
quickly to the boU, and while refluxing gently, about 5 ml. of 
a boiling saturated solution of ferrous acetate in acetic acid 
(prepared under COj) and 2 ml. cone. HCI were added. The 
resulting porphyrin solution was cooled as quioMy as possible 
under the tap. This is the process of Warburg & Negelein 
(1932), modified so a? to use the least possible amount of 
heat. 

The several lots of porphyrin solution so prepared were 
combined, mixed xvith 2 1. ether, the acetic acid neutralized 
with sodium acetate, and the ether solution of the porphyrins 
washed several times with 2 % NaCl. 

(4) Removal of protoporphyrin from the porphyrin mixture. 
The ether solution was shaken with 500 ml. portions of 4 % 
(w/v) HCI until no more protoporphyrin was removed. This 
was usually achieved in six or seven extractions; very 
little porphyrin a was extracted at the same time, but most 
of it remained in the ether phase, where its absorption bands 
could be seen with the hand spectroscope at 648, 582, 560, 
518 mp. approx. Emulsions were broken when necessary by 
centrifuging. 


ncmovai oj npias oy treatment with 25 % hydrochloric 
acid. The ether solution, besides the porphyrin o, still con- 
tained much lipid material. It was found that this could be 
quantitatively removed as follows. The ether was removed 
in vacuo, and the residue shaken with 25% HCI at - 10°. 
After standing for about an hour at this temperature the 
porphjTm was in solution and the lipids which had solidified 
were easily separated by gravity filtration at - 10° (What- 
man no. 54 paper). The filtrate was clear and oUve-green in 
colour. Ether was added, the mixture diluted with water 
and on neutralization with sodium acetate the porphvrfr 
was transferred to ether. The ether solution could now be 
washed vith water; indeed, after this treatment, no more 
pulsions occurred at all. No more fatty material could be 
removed by repcatmg the 25% HQ treatment. The por- 
phynn now appeared to be stable if kept in ether or pyriLe 
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solution. No change could be detected by spectrophoto- 
metric measurements in material stored for several months 
at 3 . 

From 500 g. dried mince (equivalent to 2000 g. fresh 
nmscle) yields of 18-20 mg. of this porphyrin were regularly 
obtained in the course of a working day. Its spectroscopic 
properties were very close to those of the porphyrin prepared 
by Rawlinson & Hale (1949) (cf. Table 2). 

Preparation of porphyrin a. Method B 

The haems were extracted from the acetone-dried tissue 
as in method A, step 1, and gross fat removed as in step 2, 
except that a column of AljOj (Savory &■ Moore) was used 
instead of MgO, and the haems eluted by several lots of hot 
glacial acetic acid. 

After the elution the haems were again taken into ether, 
and the ether solution shaken repeatedly with an equal 
volume of pyridine-HCl buffer (30 vol. pyridine, O ISn-HCI 
to 100 vol.; cf. Rawlinson & Hale, 1949) until no more 
protohaem remained in the ether phase. The ether solution 
of crude haem a was then evaporated to dryness in vacuo. 
A portion now dissolved in pyridine, diluted with 2 vol. of 
water, and reduced ivith Na^SjO^ gave a haemochromogen 
curve identical with the curve published by Rawlinson & 
Hale (with a single visual band at 587 mp.). 

The haem was now dissolved in glacial acetic acid, and the 
iron removed as in step 3 above ; the porphyrin obtained was 
treated -ivith 25 % HCl as in step 6. 

RESULTS 

Porphyrin prepared by Method A. Spectrophoto- 
metric ciirves of the material before and after the 
treatment with 25 % HCl, and of the fatty residue, 
are shown in Fig. 1. The ratios of the intensities of 
tlie absorption bands I-III to that of band IV 
provide a useful means of comparing such curves 
(Table 1). As may be seen from Fig. 1, with the 
removal of the strong absorption in the blue region 
due to the fat, the intensities of bands I— III increase 
relative to TV, though the positions of the maxima 
are hardly changed. 

Porphyrin prepared by Method B. This process is 
essentially the same as that used by Rawlinson & 
Hale (1949) for the preparation of their porphyrin a; 
the main difference is that instead of the treatment 
with 25 % HCl they removed some fatty material 
from the porphyrin by repeated transfers between 
HCl and ether. 

Absorption curves of the porphyrin before and 
after the 25 % HCl treatment were similar to those 
shown in Fig. 1. Indeed, the material obtained by 

Table 1. 
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this method behaved in all respects lilce that from 
Method A. The manipulations were much more 
troublesome, however, and the yields much smaller 
and for most of the experiments reported below 
material prepared by Method A was used. 



Fig. 1. Visual absorption spectrum of the porphyrin: 
a, before, and b, after the treatment with 25% HCl 

(stage 5, Method A); , the fatty residue. Solvent, 

pyridine. 

Preliminary ether -HCl fractionation of porphyrin a 

Rawlinson & Hale observed (personal commimi- 
cation) that the HCl number of their porphyrin 
apparently became lower as transfers between HCl 
and ether were repeated. We made similar observa- 
tions. Thus before the 25 % HCl treatment (step 6) it 
was possible to remove the protoporphyrin with 
4 % HCl (step 4) without appreciable loss of por- 
phyrin a. After the treatment, however, even 1 % 
HCl extracted significant amoimts of porphyrin o- 
like material from ether. 

We found, on preliminary fractionation of our 
material, that 6% HCl removed a considerable 
fraction, and when no more porphyrin was removed 
by acid of this strength, a further fraction at least as 
large could be extracted by 15 % HCl. Absorption 
data (in pyridine) for typical 6 and 16% fractions 
are shown in Table 2, where the measurements of 
Rawlinson & Hale (1949), calculated to the same 
form, are included for comparison. The positions of 
the bands in all the materials were very similar, but 
band I (about 650 m/x.) in the 15 % fraction was 
more intense than in the fractions extracted by 
weaker HCl solutions. 

It was evident that our porphyrin a, which spec- 
trophotometrically was virtually identical with that 
described by Rawdinson & Hale, was a mixture. It 


PosiMons of absorption maa^ima, and ratios of intensities ofjhe p^phyrin (in pyridine solution) 
a, before, and b, after the treatment with 25 % HOI (cj. Jt xg. ) 


a 

b 


Positions of maxima 
(m/i.) 

A 


IV 

III 

II 

I 

617 

660 

582 

647 

517 

560 

583 

648 


Intensities, relative to band IV 
« — — 


IV 

HI 

II 

1-0 

M97 

0-852 

1-0 

1-525 

1-148 


Band 


I 

0-295 

0-328 
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Table 2. Positions of maxima and ratios of intensities of absorption bands 
of porphyrin preparations {see text) ; solvent, pyridine 


Band 


iiaterial 

Porphyrin of Rawlinson & Hale (1949) 
Porphyrin prepared by Method A 
Fraction extracted by: 

6 % HCl 
16 % HCl 


Positions of maxima 
(my.) 


Intensities, 
relative to band IV 


IV 

HI 

n 

I 

1 

IV 

III 

II 

I 

516 

659 

582 

647 

1-0 

1-512 

1-097 

0-301 

517 

560 

583 

648 

1-0 

1-525 

1-148 

0-328 

618 

562 

683 

648 

1-0 

1-530 

1-162 

0-346 

517 

562 

584 

650 

1-0 

1-510 

1-085 

0-523 


was at first thought that the material with higher 
HCl number and increased intensity of band I 
might be an artifact which had arisen during the 
manipulations. Artifacts with such characteristics 
are not tmcommon in porphyria chemistry. 
Controlled experiments showed that the proportion 
of this material obtained was not influenced by : 

(1) The length of time for which the acetone-dried 
minco was stored (at 3°) before extraction. There did 
not appear to bo any signifioant spectrophotometric 
difference between the product obtained from one 
half of a batch of acetone-dried ox-heart mince 
whicli was extracted at once, and the products from 
the other half, which was extracted after it had been 
stored for 24 days at 3°. 

(2) The length of time the mince stood with ace- 
tone-HCl for extraction of the haems. A batch of 
acetone-dried ox-heart mince was halved. One half 
was extracted with acetone-HCl for 1-6 hr. and the 
porphyrin a prepared by Method A immediately. 
The other half was extracted for 18 hr. and the 
porphyrin prepared in the same way. There was no 
significant difference in the spectrophotometric 
properties, nor in the relative amounts of the 
jjorphyrins extractable by 0 and by 15% HCl in 
each experiment. 

(3) The use of the magnesium oxide or aluminium 
oxide columns. A batch of the porphyrin was pre- 
jiarod essentially by Method A, the preliminary 
defatting on the column (stop 2) simply being 
omitted. The procedure was rendered rather more 
diflicult by emulsion formation, but the 25 % HCl 
treatment removed the fat completely. The product 
was extracted exhaustively with 6 %, and then with 
1 5 HCl ; two crude fractions wore again obtained, 
their spoctrophotomotric properties being similar 
to those reported above (Table 2). 

1 hero remained as a possible cause of degradation 
the treatment with aqueous HCl — at the stages of 
othcr-HCl fractionation, and the 25% HCl treat- 
ment for the removal of fat. Jlost known porphyrins 
are quite stable to such treatment, and in addition 
the strong band at about C50 mp. was observed 
with the hand .spectroscope in preparations which 
5u\d never brvn treated with aqueous HCl (proto- 
haemiu having been removed by Rawlinson & 


Hale’s pyridine buffer treatment). Further, the 
absorption curves (of. Fig. 1) before and after the 
25 % HCl treatment suggested only that this treat- 
ment caused a fall in the absorption at the region of 
500-520 mp. relative to that at about 650 my.., and 
not a specific increase in intensity of the band at 
650 mfi. 

The hypothesis that the substance of higher HCl 
number was an artifact was thus not directly proved 
or disproved. 

A possible alternative hypothesis was that it was 
the substance with lower HCl nrunber and band I of 
lower intensity which was the artifact. If this were 
the ease, the experiments described above should 
have provided evidence about it just as well as the 
original hypothesis they were designed to test. The 
one process not yet tested was the action of aqueous 
HCl. The reason which made it appear unlikely that 
some effect of HCl could have been the cause of the 
appearance of the substance of higher HCl number 
(observation of the band before any aqueous HCl 
had been used) argues not against, but for the possi- 
bility that the converse process was taking place, 
namely, some change was caused by aqueous HCl 
as a result of which the substance of lower HCl 
number was derived from the substance of higher 
HCl number. 

Evidence about this was sought by careful 
fractionation, with HCl, of an ether solution of 
porphyrin prepared by Method A, and refractiona- 
tion in the same way of the fractions so obtained. 

Full fractionation and refractionation 
of the porphyrin preparation 

An ether solution of the porphyrin (free from 
protoporphyrin) prepared by Method A was ex- 
tracted with successive portions of HCl as shown in 
Fig. 2o. The volume of the ether phase was kept 
constant by the addition of fresh ether as required, 
and the volume of HCl used at each extraction was 
equal to that of the ether. The position and intensity 
of maximum absorption in the Soret region (about 
410 m/i.) was determined in each HCl extract 
Beer s law was obeyed at the concentrations used] 
and the density readings were proportional to the 
poridij-rin content of each fraction. For this purpose 
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it Avasnot necessary to adjust the HCl concentration 
to the same value in every fraction. 

The distribution of porphyrin in the successive 
fractions is shoivn in Fig. 2a. It is obvious that 
perfect separation into true fractions was not 
achieved, but there is good evidence for the presence 
of several (at least four) components. For the re- 
fractionation, the combined 2, 3, 4 and 6 % extracts 
(b), the 8 and 10 % extracts (c), and 12, 16 and 20% 
extracts (d) were transferred to ether, and the ether 
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(c) on refractionation yielded significant fractions to 
I, to 8 and to 10 % HQ, but virtually no porphwfe 
remamed after this (fluorescence under ultraviSet 
light hardly visible). This meant that the fractions 
w^ch passed from the original into 15 and 20% 
HCl were not present in fraction (c), nor did they 
arise durmg the refractionation. The 1 % fraction of 
the original should equally have been excluded from 
traction (c), hut apparently more of this material 
arose durmg the refractionation. This direction of 
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4 6 8 10 12 

Concn. HCl (%) 


Fig. 2. a, the relative yield of porphyrin (determined at the Soret maximum, see text) at successive extractions with HCl. 
Each step on the histogram represents one extraction with HCl of the concentration shown on the abscissa, b-d, the 
relative yields on refraotionation, in the same way, of 6, the combined 2, 3, 4 and 6 %; c, the combined 8 and 10 % 
(readings x4); and d, the combined 12, 16 and 20 % (readings x8) fractions from the flactionation shown in 2n. 


solutions (b-d) extracted with successive lots of 
HCl in the same way as in the original fractionation. 
The results of these refractionations (Fig. 2 b-d) 
were very interesting. It was evident that shaldng 
the ether solutions with aqueous HCl caused a 
degradation. The direction of this degradation was 
from products with higher, to products with lower, 
HCl numbers. 

Thus fraction (d) could hardly have contained any 
of the original material which was extracted by Hd 
concentrations lower than 8 %, yet on refraction- 
ation it yielded a pattern of fractions very like that 
from the original porphyrin solution. Again fraction 


the degradation, towards products with lower HGl 
numbers, is strikingly confirmed by the results of 
refractionation of fraction (b). 

Abso>j}tw 7 i spectra of fractions. The first HCl 
extract at each HCl concentration (cf. Fig. 2a), as 
the fraction least likely to be contaminated wdth 
material of higher HCl number, was transferred to 
ether, washed well, the ether removed in vacuo, and 
the porphyrin dried and dissolved in pjnidine. 
Absorption curves m the visual region wnre taken on 
each of these pyridine solutions ; the positions of 
the and the ratios of the intensities of the 

bands are shown in Table 3. It was found useful to 
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Table 3. Maxima and ratios {in pyridine solution) 0 / the first fraction extracted by HCl 
at each of the concentrations indicated, in the fractionation shown in Fig. 2 a 


Positions of maxima 


First fraction 
pvtrficted. bv HCl 



(mp.) 

A 




Intensities, 

relative to band IV 

A 

(%) 

i 

Soret 

IV 

III 

n 

I 

( 

IV 

in 

n 

I 

1 

413 

612 

555 

581 

645 

1-0 

1-230 

0-900 

0-615 

2 

417 

517 

660 

583 

643 

1-0 

1-660 

1-220 

0-278 

3 

417 

617 

560 

582 

642 

1-0 

1-530 

1-160 

0-316 

4 

417 

516 

659 

583 

645 

1-0 

1-380 

1-078 

0-313 

6 

417 

516 

661 

582 

644 

1-0 

1-338 

1-032 

0-306 ' 

8 

418 

517 

561 

583 

644 

1-0 

1-600 

1-100 

0-310 

10 

417 

518 

560 

583 

645 

1-0 

1-555 

1-150 

0-312 

12 

418 

517 

561 

583 

646 

1-0 

1-560 

1-150 

0-347 

15 

418 

517 

560 

584 

646 

1-0 

1-445 

1-070 

0-345 

20 

418 

517 

561 

583 

649 

1-0 

1-390 

1-050 

0-420 


introduce a graphical method for comparison of the 
spectroscopic properties of these rather similar 
materials. The changes in position of the maxima 
aro readily appreciated from a consideration of the 
table, but the pattern in the ratios of intensities of 
the bands in the different fractions is made much 
clearer by plotting them as in Fig. 3. 



Concn. HCl (%) 


^ 'f nr the change of intensities of hands 

I 1 II relative to hand IV ; data from Table 3. The relative 
ndej|sme.s after reaction wth hydro.xylamine arc shown 


determination of the ratios relative to band IV was 
approximately ± 0-02 unit for bands II and III and 
± 0-05 unit for the much weaker band I. Band I 
was significantly more intense in the 15 and 20 % 
fractions, and this increased intensity was paralleled, 
by a slight shift to longer wavelengths. This was the 
only consistent marked change in the positions of 
the maxima. 



Fig. 4. The changes in relative intensities in the materials 
from: «, stage d, Fig. 2; 6, stage 6, Pig. 2 Rektive 
tensihes after reaction with hydroxylamine are shoivn as 


the rofmctionation of 

U "i t em of r' “ ^'6- 4, in which the 

bn 1 • • intensities of the bands in 

s inS'v reproduced. This 

< • leaves no doubt that really different 

iMs'n f^^^tions. 

nyfri I' • all the compounds from 

comparison witirth ™ ‘’«^Pressed in 

i>v’‘bc-'^iS Jr 

rhodo tjpe spectrum. Tho accinacy of the 


^ were cam 

out on several samples of porphyrin, prepared 

Mothod .1 from diileront b.totasSoifZts ti 
consistent results. hearts, wi 

FJfcct of heating the porphyrin with 
aqueous hydrochloric acid 

Sinco it appeared that the changes tvete oa„s«d 
be decoded bvS 

-r'- ' 

.ad Jilted 
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20% fractions were transferred to ether, the solution 

the residues dissolved in 
25 % HCi. These HCI solutions were each divided into four 
portions. Portion 1 was at once transferred to ether, washed. 
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pected to shift towards shorter wavelengths; there were not 
any significant changes in the positioris of the other bands. 
The changes in the relative intensities of the bands were,' 
however, quite marked and these are shown in Pig. 5. 



A B 

Fig. 5. The change in intensities of bands I-III relative to 
band IV, when : A, the combined 8 and 10 % fractions and 
B, the combined 12, 15 and 20 % fractions (Fig. 2a) stood 
in the dark in 25 % HOI solution a, at zero time; b, after 
50 hr. atlO®; c, after 30hr. at30°;andd, after3hr. at 70°. 
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Fig. 6. The change in relative intensities of the bands of 
porphyrin prepared by Method A, after standing in the 
dark in 26 % HCI solution a, at zero time ; b, after 50 hr. 
at -10°; c-/i, after 1, 2, 3, 4, 5, 6 hr. at 57°; i, j, after 
1 -25 and 6 hr. at 95°. The relative intensities after reaction 
with hydroxylamine are shown as — O— • 


the ether removed and an absorption curve measured on the 
residue dissolved in pjridine. Portion 2 was allowed to 
stand in the 25 % HCI at - 10° for 50 hr. ; portion 3 stood in 
the dark at 30° for 30 hr. and portion 4 stood in the dark at 
70° for 3 hr. At the end of these times each sample was 
transferred to pyridine and its absorption curve measured. 
In the small samples used, band I wts too weak for accurate 
determination of its position, wliicl ^ might have been ex- 


• It is seen that the 25% HCI, even at -10°, 
caused a depression of the intensities of bands 11 
Ill relative to that of band IV. The depression 
of these bands was increased and hastened as the 
temperature increased. These measurements were 
on the whole samples, without fractionation. The 
depression of the bands in the separate fractions 
(Figs. 3 and 4 a) was paralleled in the present ex- 
periment by the depression of the bands in the 
unfractionated material. 

In another experiment, porphyrin prepared by 
Method A was treated, in HCI solution, as indicated 
in Fig. 6. The material, which in this experiment had 
been treated at 57° for 6 hr., was transferred to ether 
and fractionated with HCI. The pattern of relative 
intensities of the absorption bands of the fractions 
was similar to that shown in Fig. 4n. As in the 
previous experiment, the depression of the ratios of 
bands II and III increased both with time and 
temperature, though the band positions hardly 
changed. Even treatment of a 26 % HCI solution at 
95° for 5 hr., however, led to a change only from 
oxorhodo- to rhodo-type spectrum, band I re- 
maining at 644 raix. 

Reactions mth hydroxylamine 

Various fractions were treated with hydroxyl- 
amine, and the spectroscopic properties of the pro- 
ducts are indicated in Figs. 3, 4a and 6. It may be 
seen that in aU fractions so treated, irrespective of 
the character of the spectrum before the treatment, 
oxime formation had taken place, demonstrating 
that the — CHO group was stiU intact. This is dis- 
cussed below. 

Evidence for degradation during removal of iron 
{step 3, Method A) 

There is no doubt that HCI, during the HCl-ether 
fractionations, and also during the treatment with 
25% HCI causes changes in the material. It 
appeared lilcely that similar changes would occur 
during the removal of iron. 

Porphyrin mixtures after removal of iron from 
the haems were transferred immediately to ether 
and esterified with diazomethane. Cluomatography 
of the esters on columns of aluminium oxide grade 
rV and of magnesium oxide grades III and TV (cf. 
Nicholas, 1951) showed the presence, apart from 
protoporphyrin, of a variety of poiphyrin a-like 
materials which could not be satisfactorily resolved. 

It is only necessary to report briefly that materials 
with spectra similar to most of the fractions shown 
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in. Fig. 3 "were obtained frona the chromatograms. It 
thus appeared that, during the removal of iron, 
materials similar to those which arise during treat- 
ment with HCl had appeared. 

Attempts to purify haem a 
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monts that the haem « might ho sopnratod from the 
other materials. Tlio coloured material in every case 
moved slowly down the column with the solvent 
front. ISIntorial which ovontunlly ran through the 
columns had the same proportion of haem a to 
protohaom as the start ing material. 
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There is no evidence yet that the haem, as such, is 
labile in acid conditions. This was home out to some 
extent when, instead of ncetone-HCl, cold pjTidino 
was used to extract the haems from the tissue. The 
haems were transferred to ether, and without any 
attempt at removal of the large amount of lipid 
material the protohaem was removed by the 
aqueous pyridine-HCl buffer method of Rawlinson 
& Hale (1949). The haem a so obtained was grossly 
contaminated with fat, but its haemochromogen 
had only a single visual absorption band, at 587 m/t., 
apparently the same as the material prepared after 
acetone-HCl extraction of the tissue followed by 
elution from alumina by boiling acetic acid. Tliis 
haem was eventually converted to porphyrin, and 
this treated by Method A. On fractionation of an 
ether solution of this porphyrin with HCl, fractions 
identical with those shown in Fig. 2 a were obtained. 

Chromatography of haems 

The haems were extracted from the tissue and 
defatted as in steps 1 and 2 of Method A, The re- 
sulting ether solution of the haems was evaporated 
to dryness in vacuo. Neither light petroleum nor 
benzene extracted any fatty material from the dry 
residue. The dry material was soluble in butanol, 
which also dissolved the haem when shaken with 
a suspension of it in water brought to pH 4. 
The dried haems, or these, after esterification 
with diazomethane, were used for the following 
experiments. 

The haem esters were chromatographed on 
columns of the following absorbents: Alumina 
grades H and IV, magnesium oxide grades H 
and III (cf. Nicholas, 1951); talc and kieselguhr 
(Hyflo supereel). The following solvents were used, 
singly and in pairs, in varying proportions : chloro- 
form, methanol, ether, benzene, pyridine. Separa- 
tion of both the haems and the haem esters was also 
sought on partition colvrains. The following solids 
were tried as supports : filter paper powder (Wliat- 
man, standard grade) and kieselguhr (Hyflo super- 
cel). For reverse phase’ chromatography, Hyflo 
treated with dichlorodunethylsilane was used (cf. 
Martin, 1949 ; Howard & Martin, 1950). The solvent 
sj'stems tried for all three supports were lutidine- 
water, equilibrated and used at both 21° and 3° and 
other-pyridine buffer (pyridine 30 vol., 0-15 n-HCI 
to 100 vol.), at room temperature (18°). 

There was no indication in any of these experi- 


DISCUSSION 

From tho experiments reported, it became clear 
that once the iron is removed from haem d, tho 
porphjTrin is very unstable in tho presence of acid. 
Tile spectrum of tho product obtained was tho sum 
of tho spectra of tho degradation products, and it is 
clear that tho proportions of these, and tho re- 
sulting mixed spectrum, vary wdth both time and 
temperature during manipulations with acid. 

The tendency of tho material with higher hydro- 
chloric acid number and band I at longer wave- 
lengths to bo changed to material with lower hydro- 
cliloric acid number and band I at shorter wave- 
lengths, as well os tho constant downward trend in 
the intensities of bonds II and III relative to band 
IV, are consistent with tho hypothesis that tho 



changes are due to the destruction of ‘rhodofying’ 
groups (Lemberg & Falk, 1951). Among such groups 
are the — CHO group, the — CH:CH.COOH group 
(Formula I), and the unsaturated isocyclic ring 
(Formula II). Tliese were suggested by Lemberg & 
Falk (1951) as possible structures for porphyrin a, 
consistent with the visual spectroscopic properties 
of haem a and porphyrin a in comparison with the 
properties of compounds of known structure. As a 
basis for this study, the spectra of haem a and 
porphyrin a described by Rawlinson & Hale (1949) 
and Rimington, Hale, Rawlinson, Lemberg & Falk, 
(1949) were used. The presence of a — CHO group 
was confirmed (Lemberg & Falk, 1951), but the 
exact nature of the other ‘rhodofying’ group is not 
too'sm. These studies are considered not to be 
mvahdated by the present work, since it seems 
likely that the undegraded, natural porphyrin a has 
spectroscopic properties very close to those of 
Rawlinson & Hale’s (1949) material. 



Since it is not clear how a — CHO side chain could 
b.e changed by HCl in such a way as to yield products 
with the characters described above, it was con- 
sider^.^i^e likely that it was the other ‘rhodo- 
fying’ grottp-whicii was being changed. That this 
was so became apparent when it was found that the 
material which had been heated to 95° for 5 hr. in 
25 % hji-drochloric acid solution was still able to 
react with hydroxylamine, the spectrum changing 
from rhodo to aetio type and band I shifting from 
647 to 636 mg. 

These findings were parallel with those of Raw- 
linson & Hale (1949) and Himington et al. (1949), 
who found that treatment of their porphyrin a with 
diazoacetic ester or HI (double bonds in side chains) 
or lij'droxylamine (carbonyl groups in side chains) 
led to a change from oxorhodo- to rhodo-type 
spectrum, band I hardly shifting in position. The 
action of both these types of reagent in succession, 
however, led to a product with aetio -type spectrum 
and band I at 625 mg. The parallelism between the 
spectra of numerous fractions before and after 
reaction -with hydroxylamine (Figs. 3, 4a, 6) 
showed, moreover, that the effect of the — CHO 
group on the spectrum was approximately equiva- 
lent in all the materials. Thus the differences 
between the fractions must be due to a series of 
changes in the other rhodofying group. It is evident 
that this group is gradually changed by acid towards 
an end state in which its rhodofying effect is com- 
pletely lost. It is not possible, however, to postulate 
intermediate steps in this degradation which could 
accoimt for the many apparent stages in the change. 

Acid apparently caused degradation of the por- 
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in acid conditions, though this possibility cannot be 
ignored. It should be pointed out that the haemo- 
chromogen band at 587 mg. in haem a prepared by 
Rawlinson & Hale’s (1949) method, and, indeed, in 
direct pyridine extracts of tissues, is broad, and may 
mclude the bands of several similar compounds. It 
is quite possible that there exists more than one 
natural haem a, perhaps corresponding to different 
cytocliromes a. Examination at very low tempera- 
tures (cf. Keilin & Hartree, 1949) of this haemo- 
clwomogen band in pyridine extracts of tissues 
might allow the detection of such components, 
though the lipids extracted concurrently by pyri- 
dine would make such a study difficult. 

There is little doubt that the failure to separate 
the haems by chromatography was due to the pre- 
sence of lipids, which might be expected to change 
their partitioning properties. The gross fat can be 
removed without much trouble, but the lipid which 
is encountered in smaller but appreciable quantities 
in attempts to purify haem or porphyrin a is still, 
perhaps, the greatest single factor hindering its 
isolation. 

It appears now that the most fruitful approach to 
the problem might be to abandon the efforts to 
pmify the natural compounds and instead to 
attempt to prepare a stable derivative of the haem 
through, for example, catalytic hydrogenation, 
fusion in resorcinol or the action of diazoacetic ester. 
Material obtained by the procedures of steps 1 and 2, 
Method A, may be sufficiently free of gross contami- 
nation for this purpose. Unfortunately, it is not 
certain that the haem even at this stage has not 
already suffered some change. 


phyrin even at step 3 (removal of iron). It is possible 
that the numerous products revealed by chromato- 
graphy directly after this step were original com- 
ponents, but their similarity to the materials which 
were shown to be produced by hydrochloric acid at 
later stages makes it more lilrely that they arose in 
the same way. All methods for removing metals 
from metalloporph 3 uins (including the relatively 
mild method of Paul, 1950), feature strongly acid 
conditions except the sodimn amalgam method 
I (Fischer & Hilger, 1924). The latter was unsuitable, 
however, because the — CHO side chain and the 
side chaui with an ethylenic double bond would be 
reduced. Thus no suitable alternative process is 
available for this step, nor coiald any be fovmd for the 
other steps involving the use of acid. Fractionation 
of ether solutions of the haems with aqueous HaOH, 
NaoCOg or NagHPO^ was ineffective. Until suitable 
techniques are developed for all these steps, 
attempts at purification through the porphyrms 
must be unsuccessful. 

It appeared more profitable to turn again to the 
separation and pmification of the haern as such. 
There is no direct evidence that the haem is imstable 


SUMIARY 

1. During attempts to find a method for the 
preparation, from ox-heart muscle, of porphyrin a 
in quantities sufficient for direct chemical study, it 
was found that the porphyrin is very unstable in 
acid media. 

2. Evidence is presented that the — CHO side 
chain of the porphyrin is not changed during this 
degradation. It appears that the other ‘rhodofying ’ 
group is modified in a gradual manner, leading to a 
series of porphyrins with rather similar spectra. The 
degradation is hastened at raised temperatmes, and 
in the end-state the ‘rhodofying’ properties of the 
group are lost completely. It was suggested 
(Lemberg & FaUr, 1951) that this group may be an 
acrylic acid side chain. It is not yet possible, how- 
ever, to interpret in terms of chemical structure the 
changes which occm during the degradation. 

3. Ho procedme has been found by which the 
use of acid can be avoided entirely during the 

isolation of the porphyrin. 

4. Haem a, as such, may not be unstable to acids, 
though there is no direct evidence on this point. 
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Attempts were made by the use of both absorption 
and partition chromatograpiiy to find a method for 
the isolation of relatively large amounts of haem a, 
but without success. 
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In previous papers from this laboratory (Krebs, 
1948; Hughes, 1949, 1950) it was reported 
that cetyltrimethylammonium bromide (cetavlon) 
accelerates the decarboxylation of glutamine and 
glutamic acid in intact cells and extracts of Clostri- 
dium welchii. The present paper is a study of the 
mechanism of this effect. The glutaminase has been 
purified and the effect of cetavlon upon purified 
enzyme preparations has been investigated. Whilst 
cetavlon accelerates the rate of deamination of 
glutamine in intact cells and crude extracts it 
inhibits it in the purified extracts. These findings 
and the result of kinetic studies support the view 
put forward previously (Hughes, 1949) that the 
accelerating effect of cetavlon is due to the removal 
of an intracellular inhibitor normally accompanying 
the enzyme. 

IMETHODS 

Organisms. Three strains of Clostridium welchii (strains 
SR 12 and 1490 of the National Collection of Type Cultures, 
and a locally isolated strain) were maintained in Robertson’s 
meat medium.Through the courtesy of DrB. C. J. G. Knight, 
two batches of about 500 g. (wet wt.) of strain 1490 were 
made available from the Wellcome Physiological Labora- 
tories, Beckenham, Kent. These cells had been collected 
after 5 hr. growth on the papain digest described below. 

Growth medium. The usual medium consisted of casein 
hydrolysate, meat, yeast extract and glucose (see Krebs, 


1948). The papain digest meat medium was prepared 
according to Ainsworth, Brown, Mnrsden, Smith & Spils- 
buiy (1947). A semi-synthetic medium was prepared from 
hydrolysed casein (Mcllwain &, Hughes, 1944) ns described 
by Boyd, Logan & Tytcll (1947). 

Measurement of enzyme activity. In general, the nctiUty of 
the glutaminase wos estimated by determination of the rate 
of ammonia formation. A fresh solution (0-5 ml.) of glut- 
amine (0-02 m in 0’25M-sodium acetate buffer containing 
0-025 m-KGI) was placed in one arm of a branched test tube 
made from 20 mm. diameter Pyrex tubing in the form of an 
inverted Y. The other arm contained 1-5 ml. of the enzymo 
solution in acetate buffer (final oonen. 0-2 M) and KCI 
(final conen. 0-025 m). A series of parallel tubes was placed in 
a water bath maintained at 40-0“, and after 1 min. equilibra- 
tion the contents of the two arms were mi.xed without re- 
moving the tubes from the bath. At 5 min. intervals the 
tubes were removed from the bath and the reaction stopped 
by placing in ice water and adding 0-5 ml, X.H2SO4. NHj 
was determined ncoordiug to Pamas. Blank NH 3 determi- 
nations were made on all reagents. In this way a time curve 
of the glutaminase activity was obtained. The initial rate of 
NHaformation -was linear in intact cells and in crude extracts 
of Cl. welchii until approximately 50-60% of the added 
224 /A. of glutamine -was decomposed, except where the 
glutaminase activity was low, i.e. where less than 5 % of the 
substrate was decomposed in 15 min. The enzyme dilution 
was therefore adjusted so that not more than 60 % and not 
less than 10% of the glutamine was decomposed in 15 min 
Under these conditions the initial rate of reaction was 
proportional to the dilution of the enzyme. Duplicate 
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estimations of enzyme activity agreed mthin ±5 %. The 
(i-e. /d. NHj/mg. total N in enzyme preparation/Iir.) 
was estimated from the linear part of the curye. 

Ghemical estimations. Total N was determined, by micro- 
ICjoldahl method (digestion with H 2 SO 4 and copper selenate 
for 1 hr.). Won-protein N was determined on solutions after 
precipitation with 3% trichloroacetic acid and protein N 
by difference. Chloride was estimated by the colorimetric 
metiiod of Conway (1947). 

Chemicals. The n-glutamine, n-glutamio and cetavlon 
were the same specimens used in a previous paper (Hughes, 
1950). The safrania, phenolphthalein and sulphonphthalein 
dyes were commercial specimens. 

Extraction of the enzyme 

Solutions of glutaminase can be prepared by grinding the 
cells with powdered glass and extracting the ground mass 
wth buffers (Hughes, 1949). This method was inconvenient 
for cell quantities exceeding 3-0 g. wet wt. The setting free 
of the enzyme by autolysis, which was successful in the case 
of the glutaminase of Frotens morganii (Mcllwain, 1948), 
was xmsuccessful as most of the enzyme activity was lost. 

It was foimd, however, that the glutaminase was extracted 
almost quantitatively by phosphate or borate buffers, 
pH 7'5-8-5, from cells dried in vacuo from tbe frozen state. 

A batch of 85 g. (wet wt.) cells was dried without loss of 
glutaminase activity in a desiccator of 8 in. diameter and 
10 in. high, as follows: a paste of cells obtained by centrifu- 
gation at 3500 g. for 16 min. was spread in 1-2 mm. layers 
in Petri dishes (6 in. diam.) and frozen in the freezing com- 
partment of a refrigerator. The dishes were then stacked 
between dishes containing PjOj, from wliich they were 
separated by glass triangles, leaving spaces for ventilation. 
The desiccator was maintained continuously at O-5-O'l mm. 
Hg by an oil pump. The beat generated by the reaction of the 
PjOb with the water vapour from the cells was sufficient to 
thaw the surface layer of the cell paste. As the PjOj became 
liquid it was replaced with dry PjOj until it no longer 
adsorbed water, showing that the cells were almost dried. 
During the first hour PjOj had to be replaced at 15 min. 
intervals and three or four times afterwards. After 10-12 hr. 
the evacuated desiccator was placed at 2 ° for 2 days, after 
which the dried cells were finely powdered in a pestle and 
mortar and stored at 2° in an air-tight container. The dried 
powder lost no more than 15% of its glutaminase activity 
after 7-5 months’ storage. 

To extract the enzyme, the dried cells (10 g.) were mixed 
with 60 ml. of 0-05 M-NajHPO^ containing 0-026 m-KCI and 
16-20 glass beads (5 mm. diam.) in a stoppered conical flask. 
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The flask was rotated mechanically at about 10-15 rev./min. 
for 15 hr. at 2°, the resulting sludge was centrifuged and the 
bnlk of the supernatant was coUected by decanting. The 
residue was mixed with 40 ml. NajHPO^-KCl buffer, 
centrifuged and washed twice with 30 ml. of the above 
buffer. Supernatant and washings were combined and 
centrifuged at 4000 rev, /min. for 30 min. The viscous grey- 
green supernatant solution contained 80-90 % of the original 
glutaminase aoti-vity (Table 1 ). 


Purification of the enzyme 

The steps used in the purification -were : fractional 
precipitation with acetic acid (stages 1 and 2 ); 
treatment with safraniu (stage 3) ; dialysis (stage 4). 
The details of the purification of an extract from 
10 g. of strain 1490 are as follows: 

Stage 1 (first acid precipitation). The clear extract (80 ml.) 
obtained as previously described was cooled on ice, and 
acetic acid (10 %) was added slowly with stirring. HTien the 
pH reached 4-0 (checked by glass electrode) addition of 
acetic acid was stopped and stirring continued for a further 
15 min. The precipitate was collected by centrifuging and 
washed twice in 0-05M-acetate buffer, pH 4-0. The super- 
natant and washings were discarded. The precipitate which 
was at first very viscous, became firm and the centrifuge 
tube'was inverted and drained. The solid was extracted with 
105 ml. of 0 - 2 M-Na 2 HP 04 containing 0-026 jr-KCl, the un- 
dissolved residue which was inactive was removed by centri- 
fuging and discarded. 

Stage 2 (fractionation at pH 6-0 and 4-1). The solution 
from stage 1 was cooled on ice and stirred while acetic acid 
(2%) was added slowly until the pH fell to 5-0. The pre- 
cipitate which contained about 25 % of the total enzyme 
activity and 50-60 % of the dry weight of the precipitate 
from stage 1 was removed by centrifuging and discarded. 
Acetic acid was added to the supernatant until the pH fell to 
4 - 1 , stirring continued for an hour, after which the pre- 
cipitate was collected by centrifuging and washed twice in 
100 ml. of O Oflsr-acetate buffer, pH 4-1, containing 0-02 m- 
KCl. After washing, the precipitate formed at pH 4-1 was 
dissolved in 35 ml. of O-OBM-NaHPO^ containing 0-025 M- 
KCl and a slight amount of insoluble material removed by 
centrifuging. Acetic acid (2%) was added to the solution 
until the pH was 4-0, the precipitate collected by centrifuga- 
tion and dissolved iu 30 ml. of 0 - 02 M-Na 2 HP 04 containing 
0-lM-KCl; it gave a clear solution (pH 8-2), containing the 
glutaminase. 


Table 1. Partial purification of the glutaminase of Clostridium welchii stmtn 1490 
(Experimental details are described fully in the text.) 


Preparation 


Volume of 
preparation 
(ml.) 


Intact cells (52 g. wet -srt.) 

Cells of 01. welchii NCTC 1490 from the Wellcome 
Laboratories frozen and dried over PjOj (wt.=ZO g.) 
Combined extract and washings 
Stage 1, first acid precipitation 
Stage 2, precipitate at -^ 5-0 
Second precipitate at pH, 4-1 (b 4) 

Stage 3, filtrate from Zeo-Karb 216 
Stage 4, above filtrate after dialysis 


80 

120 

60 

32 

66 

60 


Total H 

Activity N 

Yield 

(mg-) 

(sliHj) 

(%) 

1100 

3500 

— 

1100 

3400 

97 

685 

4300 

88 

336 

6800 

69 

210 

4450 

27-8 

68-4 

17300 

38 

34-0 

44000 

44 

15-6 

83000 

40-5 
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With other hatches of cells, preliminary tests had 
to be carried out on the solubility of the enzjuno 
and the procedme modified accordmgly. The first 
precipitate at pH 5-0 in the case of older colls 
(16 In.)- containing 50-60% of the activity (com- 
pared with 20 % in jmunger cells) was redissolvod in 
Na„HPOi and taken to pH 6-0 with acetic acid. Tho 
resulting precipitate was discarded and tho two 
mother liquors combined and taken to pH 4*2. Tho 
precipitate containing 70-80 % of the activity was 
redissolved and precipitated at pH 4-0 and worked 
as before. A reprecipitation was necessary in the 
case of extracts from still older cells (25—48 hr.). 

Sfage 3 (treatment with safranin). Geddea & Hunter 
(1927) introduced safranin as a reagent in the purification of 
enzymes. The method which they used for the asparaginase 
of yeast was modified hy changing the safranin concentra- 
tion and hy working at pH 8-3 instead of at near pH C-0. This 
treatment precipitated the bulk of the inert material whilst 
the glutaminase remained in solution. The solution (32 ml.) 
resulting from stage 2 was cooled in ice, and stirred while 
35 ml. of a solution of safranin (0‘5% in 0'2>t-NnHPO4 
containing 0'025 m-KC 1) were slowly added. Stirring was 
continued for 16 min. and a sample of the solution was 
centrifuged and tested with safranin. Further quantities of 
safranin solution were added in three 5 ml. portions until 
tests showed that precipitation was complete. After 1 6 min. 
standing the bulky red precipitate was removed by centri- 
fugation. The red supernatant was cooled to 2° and filtered 
by gravity twice through the same column of Zeo-Karb 216 
(10 mm. diam., 200 mm. long). This treatment removed the 
safranin; the remaining colour of the solution was a faint 
yellow. 

Stage 4 (dialysis). The filtrate was dialysed against 
2000 ml. 0'04 m-KC 1 in a stirred system, for 48 hr. at 2° ; the 
KOI solution was then changed and dialysis was continued 
for another 16 hr. A precipitate which had formed was 
removed by centrifuging and pH was adjusted to 7-0 with 
acetic acid. The clear solution was then placed in test tubes 
in ^10 ml. portions, frozen on solid COj and stored at - 15°. 
This preparation was used in the following experiments on 
the properties of glutaminase. The q^s, of one batch was 
83000 and the yield about 40% (Table 1). Similar material 
was prepared by this method from dried cells of strain SR 12 
and the locally isolated strain. 

RESULTS 

The kinetice of glutaminase 

pH- Activity curve. Acetate buffers (pH 3-5-5-6), 
actate buffers (pH 2-5-3-5) and veronal-citrate- 
phosphate buffer, pH 2-5-6-0 (Britton & Robinson, 
used. The nature of the buffer made no 
difference to the pH curve, nor did the variation of 
16 concentration of the acetate buffer from 0-02 to 
3 -Om over the pH range tested (4- 1-5-6). The slope 
0 the pH curve, however, changed with the 
f optimum pH remained unchanged 

pit 5-0 5-2, but the optimum was usually broader 
'vith purer preparations (Fig. 1). The differences 


between the activity of pure and crude preparations 
wore greater at low pH values. The change in pH 
curves upon purification is consistent with tho 
suggestion that inhibitors of ghitaminnso are present 
in intact colls and crude extracts (Hughes, 1949). 

Temperature and rate of deamidation. Tlie tom- 
poraturo coofficiont of deamidation by purified 
glutaminase between 1 6 and 40° was 1-8-2-0, At 00° 
tho onzyuno was inactivated too rapidly for tho rate 
of deamidation to bo men-sured. 



Fig. 1. The pH curve of some glutaminase preparations. 
Each tube contained; 0-005 M-glutamino; Britton & 
Robinson (1931) buffer ; 0-025 m-KCI ; enzyme preparation 
sufficient to evolve 70-80 pi. NHjjlS min. nt pH 5-0. 
O — O, purified enzyme; x — x , intact washed cells of 
strain 1490 and SR 12; Q— □, extracts of strain SR 12 
prepared from cells ground with glass. 

Progress of deamidation and degree of purification. 
Under standard test conditions the rate of reaction 
was linear imtil- 85-90 % of the substrate was de- 
composed (Fig. 2) if the pm-ified enzyme was used. 
With cruder preparations, however, as already 
stated, the rate of reaction fell off earlier (Pig. 2). 
The cause of these differences will be discussed later. 
The quantities of ammonia and glutamic acid were 
identical at all stages of the reaction (Table 2) . There 
was no evidence of the formation of pyrrolidone 
carboxylic acid. 

Attempts to reverse the reaction by addition of 
adenosinetriphosphate (ATP), magnesium, phos- 
phate (Speck, 1949; Elliott & Gale, 1948; Pry, 
1949) were unsuccessful. Neither intact cells 
nor extracts formed glutamine from ammonium 
glutamate imder these conditions. 
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Fig. 2. Progress of the reaction -with various glutaminase 
preparations. Each tube contained in a final volume of 
2-0 ml.; 0‘005M-glutamine; 0-2M-acetate buffer, pH 5-0; 
0-026 M-ICCl; and enzyme solution, x — x , intact cells; 
A — A, acid-precipitated enzyme; O — O. purified glu- 
taminase. 

Table 2. The rate of glutamic acid and NH3 
formation by ’purified glutaminase 

(Each tube contained in a final volume of 2 ml. : 0-005 M- 
glutamine; 0-2M-acetate buffer, pH5-0j 0-025 si-KCl; 
0-6 ml. enzyme solution containing 0-004 mg. total N . 
All concentrations as final concentration. NH3 was esti- 
mated as described on p. 45 and glutamic acid and 
glutamine by a modification of the method of Gale (1947), 


see p. 49.) 




Time of 

reaction 

NH3 

Glutamate 

Glutamme 

(min.) 

w 


w 

0 



3 

218 

5 

29-0 

23 

— 

15 

109 

110 

113 

25 

161 

160 

3-0 

35 

210 

209 


Effect of substrate concentration. The substrate 
concentration activity curve of purified glutaminase 
(Table 3) obeyed the Michaelis-Menten equation. 
The results gave a straight line when plotted 
according to Lineweaver & Burk (1934), i.e. as a 



Fig. 3. Effect of purification on the initial velocity of 
deamidation at varying substrate concentrations. The 
conditions of each experiment were as described inTable 3, 
but the pH was 4-1 instead of 5-0. Ordinate 1/t) x 100 
for purified glutaminase and Ijv x 10 for the crude 
extract prepared from cells broken with powdered glass; 
«= molar conen.; v=^fd- NH3 evolved/5 min. 

reciprocal of velocity against the reciprocal of sub- 
strate concentration. The Michaelis constant as 
calculated from such plots was from 0-0006 to 
0-00063M. Intact cells and crude extracts gave 
curves that did not follow strictly the Michaelis- 
Menten equation (Fig. 3). The half-maximxm rate 
wntb these materials was at 0-012-0-OOlM-substrat6 
concentration. Thus the apparent affinity of the 
enzyme for its substrate increased upon purification. 


Table 3. Rate of deamidation by the purified enzyme at varying 
substrate concentrations 

no * + u ffor nfl 5-0 md uurified glutaminase (0-003 mg. total N/ml.). All 
(Each tube contained glutamme; 0-2M-ac^te buffer, pH 5 » ‘ P estimated by the standard method), 

concentrations are as final concentrations. FfH^ m the contents of eaofi tube w s 

NHj/Smin. 


Enzyme 

Glutamine 

Total 

added 

concentration 

vol. 

(ml.) 

(M) 

(ml.) 

1-0 

0-01 

4-0 

1-0 

0-005 

4-0 

1-0 

0-0025 

4-0 

I'O 

0-0017 

6-0 

2*0 

0-0013 

8-0 

2*5 

0-0010 

10-0 

2‘5 

0-0003 

10-0 


(fj./total vol.) 

64-0 

61-0 

61-0 

73-4 

87-7 

102-0 

76-0 


(/lJ./ 2-0 ml.) 

32-0 

30-5 

30-5 

26-7 

21-9 

20-5 

15-2 
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Stability. Purified glutaminase lost no activity 
-when stored at - 10 to - 14° for 2 months. At about 
2° the stock solution lost 2-5 % activity in 7 days 
and 60% if diluted twenty times in 0'026 m- 
potassium chloride. At 40° between pH 6'0 and 7*6 
there was a loss of 2-3 % after 40 min. In crude 
extracts the enzyme was much less stable at 40°, but 
various batches of cells and extracts showed con- 
siderable variation in stability; generally the crude 
extracts were more stable at pH 7-5 than at pH 5-0. 
AtpHO-O enzyme activity of both crude and purified 
extracts was irreversibly lost in less than 10 sec., 
even at 2°. On the other hand, some of the enzyme 
activity lost when crude extracts were incubated 
without substrate at pH 4'0-5'0 was recovered 
when solutions were taken to pH 8-5 -with phosphate 
buffer and re-tested at pH 5-0. 


glutaminase of animal tissues. This difforonco is 
possibly connected witli the different pH at which 
the systems were tested (see Albert, Hubbo, 
Goldacre, Purvey & Shore, 1045). 

The effect of bromocrosol green (0'002 m) on the 
initial rate of deamidation was measured at 
substrate concentrations from 0'033 to 0‘00125 m 
(T able 6). Inliibition was found to bo dopondont on 
substrate concentration and may thus bo regarded 
ns competitive. Similar results woro obtained with 
bromsulphaloin. Treatment of the results according 
to Linoweavor & Burk (1934) gave a straight lino 
whoso ordinate intercept was almost the same o-s 
that of the experiment in the absence of the dye. 

Table 5. The effect of bromocresol green on the rale of 
deamidation of glutamine at various substrate con- 
centrations 


the tube were mixed and rates 
ined as described.) 

Glutamine 

conen. 

Without 

bromocresol 

With 

bromocresol 

green 

Conen. of 


(M) 

green 

(2 X 10-^) 

mbibitor 

Inhibition 

0-033 

43-3 

29-0 

(M X 10-2) 

(%) 

0-010 

43-3 

27-0 

60 

0 

0-005 

43-0 

27-4 

20 

0 

0-0026 

40-0 

10-9 

10 

0 

0-002 

37-9 

14-8 

10 

0 

0-0017 

37-2 

12-8 

(10 
t 1-0 

85 

10 

0-00125 

34-9 

7-0 


Table 4. The effect of inhibitors on the rate of 
deamidation by 'purified glutaminase 

(To one aide of a double side arm tube -^vas added a 
solution of the inhibitor in 0-2M-acetate buffer, pH 5-0, 
0-01 M-glutamine. To the other side arm -was added enzyme 

After 


Inhibitor added 

y-Glutaminyl bydrazide 
Methionine sulphoxide 
‘Atebrine’ 

‘Euflavine’ 

CuSO^ 

lodoacetate 

NaP 

NaNO. 

NaNj 

NajSeOi 

NaHSOj 

NHjOH(HCl) 
Phenolphthalein 
Phenol red 
Thymol blue 
Bromocresol purple 

Bromooresol green 

Bromsulphalein* 

* Disodium sulphonate 


(Each double side arm test tube contained glutamine; 
0-6 nil. purified glutaminase (O-OOlmg. total M/O-fi ml.); 
0‘2M-acetate buffer, pH 6-0; 0'0025 m-KC 1; total vol. 
2-0 ml. The reaction was stopped and NH3 estimated os 

,d.NH,/6min. 

, ! * 


2-0 

2-5 

2-5 

2-0 

1-0 

2-5 

2-5 

1-0 

1-0 

1-0 

1-0 

1-0 

1-0 

1-0 

0-2 

0- 05 

1 - 0 
0-2 
0-05 


85 

50 

50 

35 

5- 0 
80 

100 

0 

6- 0 
10 
22 
40 
85 

100 

80 

20 

100 

50 

20 


of phenoltetrabromophthalein. 
The effect of inhibitors. Inhibitors of glutaminase 

(Tab 1 phthalein dyes 

wdriziJe analogues, y-glutaminyl 

.^ethionine sulphoxide do not 
nliibit. The aendmos tested and found inactive 
ore shoum by Archibald (1944) to inhibit the 
Biochem. 1952, 51 


iimiomon by bromocresol green increased as pH 
was lowered below the optimum. The pH curve of 
purified enzyme in the presence of the dye resembled 
that of the crude extracts shorvn in Fig. 1. 

Bromocresol green also inhibited deamidation in 
intact cells and crude extracts. Glutamic acid 
decarboxylase in the cells was not inhibited by 
bromocresol green; thus glutamate could be esti- 
mated m the presence of glutamine by modifying 
the method of Gale (1947) and adding bromocresol 
^een (^03 m) to the cells. Under these conditions 
the inhibition by bromocresol green was reversed by 
cetaylon, and this fact was used to de-vise a mano- 
metric method for estimating glutamate and 
glutamine in the same solution. Unfortunately 
different batches of cells varied widely in theff 
behaviour towards both cetavlon and bromocresol 
green and the method was unsuitable for routine 

The effect of anions 

The effect of chloride on partially purified alut 

"toadSon of 
acid to extracts of cells (e.g. stage 3 or 4, 
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Table 6. The effect of salts on the restoration of activity to mished. acid precipitates of glutaminase 

I-' “ 0-2M-Ka,HPO,, pH 8-3, precipitated by the addition of acetic 

vater as d^cnbed m the text. The washed precipitate was then dissolved in buffer and salt mixtures 
and the enzyme activity detennmed under the standard conditions.) 


Additional 
salt added 


Hone 


HH3/I.5 min. 
(t^h) 

82 


Buffer 

O'OoJi-Borate-KCI, pH 8-5 
O OSii-HajHPO,, pH 8-3 
0-0.5 ji-XajHPOj, pH 8-3 


Table 1) lost 75% of their glutaminase activity 
'when washed -with wafer and dissolved in phosphate 
buffer. On the other hand, there was little loss 
( < 5 %) if the washed precipitates were dissolved in 
borate-potassium chloride buffers, pH 8'5-9-5. The 
lost activity of the phosphate solutions was restored 
by the addition of various chlorides, but not by 
borates or many other salts of potassium or sodium 
(Table 6). The loss of activity upon washing can 
thus be explained by the removal of an activator 
which is replaced by chloride. 



Fig. 4. Deamidation by glutaminase at varying concentra- 
tions of chloride. Each tube contained in a total volume of 
2-0 mb'. O-OOaM-glutamine; 0-2M-acetate buffer, pH 5-0; 
washed enzyme equiv, 0-25 mg. E, (see text) and varying 
concentrations of HaCl, where all concentrations are final 
concentrations. 

To study the effects of various anions in detail a ‘ washed ’ 
enzyme was prepared by triturating 60 mg. powdered 
acid-precipitated glutaminase (‘Ej’, Table I) with 2 ml. of 
O-Ooii-HajHPO^. A small amount of undissolved solid was 
removed ty centrifuging and to the clear supernatant was 
added 4 mL of 0-2M-acetate buffer, pH 4-0. After standing 


Hone 8-8 

O-OoM-Sodimn borate 8-8 

O-OSsi-HaCl 82 

0 05m-KHjPO< 8-8 

O-OSm-KCI 82 

O-OloM-HCll 75 

O-OlM-CaClj 73 


at 2'’ for 20 min. the precipitated glutaminase was collected 
by centrifugation and washed five times with 6-0 ml. of 
ice-cold distilled water. The washed powder was redissolved 
in 2 ml. O-Ofiii-HajHPOj and diluted with water to 120 ml. 
This treatment reduced the activity by 80-85 %. 

Addition of chloride (0-025 m) restored 95-100 % 
of the lost activity (Table 6). The optimal concen- 
tration of chlorides was 0-02 m (Figs. 4, 5). Equiva- 
lent amounts of sodium, magnesium, calcium, 
ferric, manganous and cobalt chlorides had similar 
effects. The effect of chloride was also demon-strated 
onsamples of the stock pmified glutaminase solution 
which had been dialysed against distilled water. 
Prolonged dialysis against water (beyond 2 hr.) 
resulted in irreversible loss of activity. 



Fig. 5. Theeffectofchlorideontheprogressofdeamidation. 
Each tube contained in a total volume of 2-0 ml. : 0-005 m- 
glutamine; 0-23i-acetate buffer, pH 5-0; washed enzyme 
preparation equiv. 0-25 mg. E3 (see text) and 0-025 m- 
HaCl when added. 

Effect of chloride on intact cells. One batch of cells 
of strain SR 12 was washed six times in distilled 
water and another five times in 0-023i-acetato 
buffer, pH 5-0; their chloride concentration fell 
from 0-03 to 0-01 31 and was not reduced by further 
washing. Ho enzyme activity was lost on washing 
and addition of chloride did not increase it. The 
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washed cells were ground with powdered glass, and 
extracted with acetate buffer (Hughes, 1949), and 
the extract diluted to contain the equivalent of 
2-5 mg. dry weight cells/2-0 ml. The chloride con- 
centration of the diluted extract was 2 x 10 ®m, 
part of the chloride having come from the glass. The 
addition of potassium chloride (0-002651) to this 
extract accelerated deamidation by 260 %. 

Antons other than chloride and the rate of deamida- 
tion. In addition to chloride, some other monovalent 
anions in the following order of effectiveness: 
bromide > chloride > iodide > cyanide and thio- 
cyanate > nitrate, accelerated the rate of deamida- 
tion by washed or dialysed preparations of glutami- 
nase (Table 7). Sulphate, phosphate and arsenate 

Table 7. The effect of anions on the rate of deamidation 
of glutamine by washed glutaminase 

(Bach tube contained :in 2ml. solution 0-005 M-glutamine; 
0-2M-acetate buffer, pH 5-0; washed enzyme solution 
equiv. 0-25 mg. washed (see text). AU concentrations 
are final concentrations.) 




NHj formed 


Concentration 

in 15 min. 

Salt added 

(SI X 10 -^) 

(/d.) 

None 

— 

9-0 

KBr or NaBr 

25 

90 


10 

77 


1-0 

53-5 


0-1 

19-5 

KCl or NaCl 

25 

81-5 


10 

72 - 


1-0 

38-5 


0-1 

16-5 

KI or Nal 

25 

77 


10 

71 


1-0 

42 


0-1 

22 

KCNS or KCN 

25 

61 


10 

61 


1-0 

22-5 


0-1 

,12 

NaNOj 

25 

59 


10 

61 


1-0 

22 


0-1 

11 
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had no effect and nitrite, fluoride, sulphite, solonato 
and selenite inhibited. 

The effect of chloride on the stability of glutaminase. 
Dialysed stock solutions of glutaminase lost 50- 
60 % of their enzyme activity when incubated for 
20 min. at 40°. Only 3-5 % of the onzynno activity 
was lost -a-hen 0-0255i-potas3ium chloride was 
added prior to incubation. Chloride thus protects 
the enzyme against inactivation by heat. About 
6-10% enzyane activity was lost upon incubating 
the dialysed solution with glutamine (O-Ofiji) for 
20 min. showing that the substrate also protects the 
enzyme against inactivation. Tho acceleration of 
deamidation by chloride is therefore nob duo wholly 
to its protecting the enzyme against inactivation 
and it is likely that it plays some role in the catalysis 
of the reaction. Similar effects have been described 
for nickel, chromium and manganese in activating 
and stabilizing arginase (Stock, Hellorman & 
Perkins, 1938). 

The effect of cetavlon 

The acceleration of deamidation by cetavlon in intact 
cells. The glutaminase activity and the action of 
cetavlon upon it was found to be dependent on tho 
length of the growth period. Washed suspensions of 
strains SR 12 and 1490 grown on the laboratory 
medium or on papain digest or on semi-synthetic 
media had a low glutaminase activity until 
growth reached the middle of the log phase (2-3 hr. 
after inoculation) ; enzyme activity then increased 
rapidly. Growth ceased at 5— 5-51ir. after inocula- 
tion, but the cells continued to form glutaminase 
and maximal enzyme activity occurred 1-5-2 hr. 
after growth had ceased. No acceleration of 
deamidation by cetavlon was found in young 
cells; two- to threefold acceleration occurred after 
cessation of growth (Table 8). Dlaintaining the pH 
of the medium at 6- 8-7-0 by the addition of 
alkali during growth or the addition of glutamine 
(0-01 si) has no effect on the behaviour of glut- 
aminaso. 

Acceleration of deamidation by cetavlon in extracts. 
In extracts of cells grown for 1 6 hr. on the laboratory 
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Tables. Age of culture and glutaminase activity of aostrimnmv^elcUi (strain im) 

acetate suspended in 0-05 m. 

m the text. .-elgU of cells estimated turbidometrically and pH “gifs “£.7”' 


Time 

(hr.) 

0 

2-0 

4 

5-5 

7 

13-0 


Dry wt. cells 
(mg./ml. medium) 


pH of medium 
after growth 


0-13 

0-37 

0-43 

0-43 

0-40 


6-8 

6-3 

5-1 

4-8 

4-7 

4-7 


r — 

Without 

cetavlon 


360 

850. 

1120 

1660 

2560 


With cetavlon 
(1-25 X 10 -®m) 

360 

850 

1540 

2120 

4250 


4-2 
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Table 9. The effect of cetavlon on deamidation by various glutaminase preparations 
bJor'‘Kn.Wor“' ?emp“4o”r"“'‘ e»,me .ol.lion .s described 


Enzyme preparation 

A, 16 hr. culture of strain SR 12 (2-5 mg./2'O ml. final) 

B, extract prepared from the above cells after drying in vacuo 
(equiv. 2-5 mg./2-O ml. final) 

C, extract of above cells broken with powdered glass (equiv. 
3-0 mg./2 ml. final) 

D, above extract made to pH 4-0 with acetic acid. Precipitate 
removed by centrifuging and suspended in 0-05M-acetate 
buffer, pH 6-0 

E, precipitate at pH 4-0 in the above experiment. Dissolved 
in 0 - 2 M-Na 2 HP 04 and treated ■with safranin and Zeo-Karb 
(0-003 mg. total N/2-0 ml.) 


NHj 

(pl./lO min.) 


pH 

Without 

With cetavlon 

cetavlon 

(5 X 10-*m) 

5-0 

90 

210 

4-0 

66 

140 

5-0 

90 

90 

4-0 

60 

90 

5-0 

98 

110 

4-0 

30 

100 

5-0 

85 

85 

4-0 

30 

80 

5-0 

45 

22 

4-0 

40 

35 ■ 


mediixm and obtained by crusbing -with po-wdered 
glass, deamidation was accelerated 20-30% at 
pH 6-0 and 300-700 % at pH 4-0. Thus the acceler- 
ating effect of cetavlon in extracts was about one- 
fifth of that in intact cells at pH 5-0 and two to three 



4-0 4-5 5-0 5-5 6-0 


pH 

Fig. 6. The effect of cetavlon on the pH curve of glut- 
aminase in intact cells and extract. 01. welchii SR 12 was 
grown for 16 hr. on the laboratory medium, and the 
extract prepared by grinding -vritb powdered glass as 
previously described (Hughes, 1949). Glutaminase 
activity was estimated as described in the text. O — Oj 
intact cells; □ — □, intact cells with cetavlon; x — x, 
extract; A — A, extract with cetavlon. 

times greater at pH 4-0. In extracts of dried cells 
the effect of cetavlon was generally less marked, but 
showed the same increase at the lower pH values 
(Table 9). Fig. 6 shows that cetavlon changed the 


pH curve of the enzyme in intact cells and extracts 
by broadening the optimum towards the lower pH 
range. Differences in the effect of cetavlon between 
the various enzyme preparations could thus be 
partly accounted for by differences in their pH curve, 
i.e. the steeper the pH curve in the acid range the 
greater was the effect of cetavlon. 

Acceleration by cetavlon decreased as the ex- 
tracted enzyme was purified and, as shown later, 
deamidation in the finally purified enzyme was in- 
hibited by the tisual concentration of cetavlon 
(2-5 X 10"®m). In the course of purification of the 
enzyme, the accelerating effect remained unchanged 
after one precipitation of the enzyme with acetic 
acid at pH 4-0. Some diminution occurred on 
repeated precipitation and solution in 0-2M-borate 
buffer, pH 8-5 (Exp. D, Table 9). Treatment of the 
enzyme solutions with safranin resulted in the 
complete loss of accelerating effect (Exp. E, Table 9) . 
At this stage the pH curve of the enzyme was the 
same as that in the finally purified solutions. In 
these experiments the cetavlon concentration was 
reduced to 6 x 10“^ m in order to avoid inhibiting 
effects at the later stage of purification. This con- 
centration gives the maximum acceleration (Hughes 
1950) in cells and crude extracts. 

The effect of cetavlon at varying substrate concentra- 
tions. In intact cells and in crude extracts cetavlon 
increased the rate of deamidation at substrate con- 
centrations below 0-04 m, but not at 0- 1 m (Table 10). 
Tlie substrate concentration-activity relation, 
plotted according to Lineweaver & Burk (1934), did 
not give straight lines possibly because diffusion is 
one of the limiting factors. The concentration at 
which the velocity was half maximal was decreased 
from 0-025 to 0-013 m by 2-5 x 10-^M-cetavlon. 
Cetavlon thus increased the apparent affinity of 
glutaminase for glutamine. 
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Table 10. The effect of cetavlon on the rate of deamida- 
tion of glutamine at varying substrate concentrations 


(Experimental details were as described in Table 3, but 
intact cells (2-5 mg. dry vrt./ml.) rvere used in the place of 


fiODPPTif.pnfinTi - 

NH3 

formed (/J.) 

K 

of glutamine 

Without 

With cetavlon 

(m) 

cetavlon 

(1-25 X 10-=M) 

0-100 

148 

151 

0-035 

109 

126 

0-013 

79 

110 

0-010 

62 

111 

0-004 

47 

84 

0-002 

34 

61 


Inhibition of deamidation by cetavlon. As already 
mentioned, relatively low concentrations of cetavlon 
inhibited deamidation in the purified extract 
(Exp. A, Table 11) and had little effect in intact cells 
and crude extracts (Exps. B and G, Table 11). 


This inliibition docrea.sed at pH values below the 
optimum and was negligible at pH 4-0 with the usual 
concentration (2-6 x 10 '^m) of cetavlon (Table 12). 
At this pH there was no acceleration of deamidation 
when the concentration of detergent was reduced to 

6 X 10-^M, 

DISCUSSION 

The present experiments upon the acceleration by 
cetavlon of the deamidation of glutamine in intact 
cells and crude extracts of Cl. wclchii confirm the 
previous suggestion (Hughes, 1949) that the deter- 
gent increases the affinity of the glutaminaso for its 
substrate. As judged by the apparent Michaelis 
constants (Table 13), increase in affinity also re- 
sulted from purification of the enzyme. Parallel 

Table 13. The apparent Michaelis constants of 
various glutaminasc preparations 


Table 11. Inhibitory effect of cetavlon 

(Each tube contained; 0-005M-glutamine; 0'2M-acetate 
buffer, pH S-0; 0-025 si-KCl. Enzyme solution as described 
below. Total vol. 2-0 ml. Temp. 40°.) 


Enzyme preparation 
A, purified glutaminase 
(0-004 mg. total N) 


B, 01. welchii strain SR 12 
grown for 2-5 hr. (0-25 ms 
total N) ® 


O, extract of the above cells 
after grinding with powdere 
glass (0-35 mg. total N) 


Cetavlon 


concentration 

NH, 

( X 10“^ M) 

(/il./lO min.) 

0 

106 

0-002 

105 

0-08 

90 

0-13 

90 

1-25 

70 

2-5 

47 

5-0 

35 

0 

90 

0-8 

101 

1-25 

108 

2-5 

110 

5-0 

84 

0 

90 

1 0-008 

93 

0-3 

82 

1-25 

93 

2-5 

90 

5-0 

81 

pH on the inhibition of 




(0 004 „g. S). Tow S. 2T“T.“?S-.r““ 

NHj (pl./lO min.) 


pH of 
reaction 
5-5 
5-0 
4-7 
4-5 
4-3 
4-0 
3-C 


Without 
cetavlon 
94 
108 
105 
101 
101 
90 
85 


With cetavlon 
(0-0025M) 

55 

54 

84 

89 

90 
92 
81 


Inhibition 

(%) 

42 

50 

20 

11 

11 

4 

5 


, - ulic i.iw, ui ucamiaauon at 

vanous substrate concentrations were plotted in the form 
of initial velocity against substrate concentration. Maximal 
velocity was estimated by extrapolation and the figures in 
the table are the concentration of substrate at half maximal 
velocity.) 


pH 

5-0 

5-0 

4-1 

4- 1 

5- 0 
4-1 


Apparent 

Michaelis 

constant 

0-005 

0-002 

0-012 

0-0025 

0-00063-0-00060 
0-00070 


Enzyme preparation 
Intact cells of strain SR 12 
Above cells with cetavlon 
(0-0025 M) 

Extract of the above cells as 
described by Hughes (1949) 

Above extract -with cetavlon 
(0-0025 M) 

Purified extract* 

Purified extract* 

acceleratmg effect of cetavlon decreased, and in the 
Periled extracts the detergent did not acceWe 

detergent accelerates the enzyme reactioff ® 

if- 

been discussed (Hughes 10501 n ^ already 

detergent micelles showi to hi ' presence of 

An additional inhibitory effecr^°f 
cetavlon, was noticed inTctStv mf reversible by 
crude enzyme preparations 
concentrations. Treatment of the reTiSf at ordS^ 
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to Lineweaver & Burk (1934) suggested that 
diffusion limited the rate of deamidation at the lower 
substrate concentrations. 

The acceleration of deamidation by anions. Tlie 
activation of washed and dialysed glutaminase by 
monovalent anions is especially interesting since, so 
far as the authors are aware, this is the first occasion 
in wliich activation of a bacterial enzyme by uni- 
valent anions has been reported. The order of 
efiiectiveness of the anions activating bacterial 
glutaminase is similar to that of the anions 
activating salivary and pancreatic amylase 
(Hoffmeister, 1888; Pringsheim, 1912). No bacterial 
amylase so far studied is activated by anions 
(Hockenhull & Herbert, 1945; Kneene & Beckford, 
1946 ;Di Carlo &Redfem, 1947). Renal glutaminase 
and the glutaminase of rat liver has been shown to be 
activated by sulphate, arsenate and phosphate 
(Mylon & Hellor, 1948; Greenstein & Leuthardt, 
1948; Errara, 1949; Errara & Greenstein, 1949). 
Neither these anions nor chloride and bromide 
accelerate the non-enzymic hydrolysis of glutamine 
(Gilbert, Price & Greenstein, 1949). Tlie present 
experiments do not make it possible to suggest a 
mechanism for the acceleration of deamidation by 
chloride and other anions, but it seems likely that 
they play some role in catalysing deamidation as 
well as in protecting the glutaminase against heat 
inactivation. 

Comparison between the glutaminase of Cl. welchii 
and those from other sources. The glutaminases of 
Proteus morganii (Mcllwain, 1948) and Escherichia 
coli (Hughes, 1949) have approximately the same 
optimum pH as that in Cl. welchii, but experiments 
not reported here suggest that they are not acceler- 
ated by chloride. In streptococci (McRwain, 
Roper & Hughes, 1948) the breakdown of glutamine 
occurs only in the presence of a concomitant 
reaction with glucose and is inhibited by y-glut- 
aminyl hydrazide. Glucose does not affect the rate 
of deamidation in Cl. welchii and y-glutaminyl 
hydrazide is also without effect. The main simi- 
larities between the glutaminases from animal tissues 
and that from Cl. welchii are that they are hydro- 
lytic enzymes which yield ammonia and glutamic 
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acid quantitatively without the formation of pyro- 
lidone carboxylate and are inhibited by brom- 
sulphalein. The main differences in the enzymes 
from the two sources are that the optimum pH of 
the enzymes in animal tissues is from 8-0 to 9-0 
(Archibald, 1945), while that in Cl. welchii is at 5-0; 
and as already mentioned above there is a difference 
in the anions which activate the enzymes. 

SUjMMARY 

1. The glutaminase of Clostridium welchii 
strains SR 1 2 and 1490 has been extracted from dried 
cells and pinified from 40- to 60-fold in different 
batches, by fractionation between pH 4 and 5 and 
treatment with safranin. 

2. The affinity of the enzyme for its substrate, its 
efficiency below the optimum pH, and its solubility, 
increased upon purification. 

3. Cetavlon accelerated deamidation by intact 
cells reaped towards the end of the lag phase of 
growth, but not by younger cells. 

4. The accelerating effect of cetavlon in intact 
cells and crude extracts was due to an increase in the 
afiinity of the enzyme for its substrate. In purified 
extracts cetavlon did not accelerate, but inhibited, 
deamidation. These results suggest that the 
acceleration is due to the removal of a competitive 
inhibitor. 

5. The partially purified glutaminase lost activity 
(75 %) upon washing with or dialysis against water. 
The lost activity was restored by some univalent 
anions in the following order of effectiveness : 
bromide > chloride > iodide > cyanide > thiocyanate 
and nitrate. 

6. Inhibitors of glutaminase included phenol- 
phthaleins and sulphophthaleins. Tlie action of one 
of these, bromocresol green,- has been shown to be 
competitive. The dye also alters the shape of the pH 
curve of the enzyme by decreasing its efficiency 
below the optimum pH. 

The authors wish to express their thanks to Prof. H. A. 
Krebs, P.R.S., for his help and advice. They are also grateful 
to Dr B. C. J. G. ICnight for his gifts of two large batches of 
cells of Cl. welchii. 
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The Quantitative Determination of Dehydrogenase Activity 

in Cell Suspensions 

By a. R. FAHMY and E. O’F. WALSH 
Department of Physiology, Royal Free Hospital School of Medicine, London 

(Received 26 July 1951) 


While investigating the action of nicotine on the 
enzyme systems of yeasts we attempted to use 
variations of the classical Thunberg technique to 
compare the behaviour of the dehydrogenases of a 
normal yeast with those of one which had been 
grown in the presence of nicotine. The methods 
proved unsuitable with the apparatus available 
because the suspended cells prevented reliable 
measurement of the residual colour with an ordinary 
photoelectric absorptiometer and some of the 
methylene blue was always firmly adsorbed on to the 
cells. If, on the other hand, the time required for 
complete decolorization be measured, it is difficult 
to draw conclusions from comparative inhibitions 
or activations because the concentration of the 
hydrogen acceptor becomes a limiting factor during 
the course of an experiment. 

Triphenyltetrazolium chloride (TTC), which 
yields a water-insoluble red formozan on reduction 
(Kulm & Jerschel, 1941; Straus, Cheronis & 
Straus, 1948), has advantages over methylene blue 
as hydrogen acceptor in that it can be present in 
excess tluoughout an experiment and it can be used 
in the presence of air. The colorimetric method of 
Kun & Abood (1949), which employs TTC for the 
determination of succinic dehydrogenase activity in 
mammalian tissue homogenates, depends on the 
solubility of the formozan in acetone. Their method 
cannot be applied to yeast suspensions since acetone 
fails to extract the colour from the cells. Even with 
mammalian tissues they found it necessary to 
prepare reference standards in order to correct for 
the imoqual adsorptions of the dye by different 
tissues and Becker (1949), who investigated the 
suitability of TTC as a histocheraieal stain for 
dohj drogenaso, observed that the formozan was 
deposited in and around the tissues in an irregular 
manner. 


In the present paper a method is described which 
is suitable for the quantitative determination of 
the activity of various dehydrogenases in yeast 
suspensions. 

EXPEBBIENTAL 

Colorimetry. All measurements were made with a Hilger 
Biochemical absorptiometer using a blue filter, OB 2. 

Yeast suspension. Except where othersiso stated, a 
suspension in distilled water of the washed cells of Saccharo- 
myces cerevisiae was aerated for 2 hr. at 37®, centrifuged and 
the cells were resuspended in distilled water. 

TriphenyUetrazolinm bromide (TTB). A 0-6% (w/v) 
solution in distilled water of the commercial preparation 
‘Grodex’ (May and Baker Ltd.) was freshly prepared or 
stored in a refrigerator. 

Phosphate buffer. Clark & Lubs’s standard buffer, 0-05 m 
and pH 7-6. 

Other chemicals. All materials used were of ordinary 
reagent purity. 

RESULTS 

In the preliminary experiments a suspension 
(1-0 ml.) of washed, but not aerated, yeast cells was 
mixed with phosphate buffer, pH 7-6 (2-5 ml.) and 
TTB solution (0‘5 ml.) and the mixture was incu- 
bated at 37°until adistinct red colour had developed, 
aiixtures, so prepared, were mixed either with 
acetone (1-2-5 vol.) as in the method of Kun & 
Abood (1949) or with ethanol (1-2 vol.); or they 
were shaken with either toluene, xylene, chloroform, 
isobutanol or amyl alcohol. Similar attempts to 
extract the colour were made with mixed solvents 
(e.g. toluene with methanol or pyridine) and with 
the mixture rendered either acid or alkaline by the 
addition of sulphuric acid or sodium hydroxide. 
None of these methods was successful. 

If the tubes containing the mixture with ethanol 
(1-6 vol.) were immersed in boiling water for 3 min., 
the colour was extracted completely from the cells’ 
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but such a method has obvious disadvantages. 
Addition of glacial acetic acid (1-5 vol.) to the 
mixture dissolved the formozan which could then be 
extracted readily and completely by shaking with 
toluene. With smaller proportions of acetic acid the 
dye can be extracted from the cells, but stable 
emulsions result and it is difficult to separate the 
toluene layer. 

Colorimetry of toluene solutions 
Solutions in toluene of the formozan in known 
concentrations were prepared by extraction of 
solutions which contained measured quantities of 
TTB and to which a few crystals of sodium dithio- 
nite (NajSgO^) had been added. The linear relation- 
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{6 ml.). The acidified mixtures are shaken -vvith 
toluene (6-10 ml.), centrifuged if necessary, and the 
coloured toluene layers are compared in a photo- 
electric absorptiometer. 

Effect of enzyme concentration 
The colours developed in a series of mixtures, 
prepared as above, but which contained different 
amounts of non-aerated yeast ceU suspension, were 
compared. The results, %vhich demonstrate the 
linear relationship between the optical density of the 
toluene extracts and the concentration of the mixed 
dehydrogenases, are shown in Fig. 2. Similar results 
liave been obtained with aerated yeast suspensions 
and either glucose or ethanol as substrate. 



Fig. 1. Relationship between optical density and concentra- 
tion of formozan (reduced triphenyltetrazolium bromide) 
in toluene. For details see text. 

ship between optical density and the concentration 
of the dye in toluene is shown in Fig. 1. 

Solutions of the formozan in either toluene or 
xylene are clear red, and the colour is stable for 
several hours, whereas the colom of solutions in the 
oxygen-containing solvents (alcohols, acetone, acetic 
acid) is dull orange-red and is somewhat less stable. 

Measurement of dehydrogenase activity 
Reaction mixtures (4 ml.) containing the ceU 
suspension, buffer, substrate, TTB solution (0-5 ml.) 
and any other reagents are prepared in glass- 
stoppered tubes. Controls without substrate are also 
prepared. The mixtures are incubated at the 
desired temperature and, after a suitable interval, 
reaction is arrested by the addition of acetic acid 



Fig. 2. Relationship between coloiu- developed and 
quantity of yeast suspension. For details see text. 


Microscopical examination of the cells remaining 
after an experiment confirmed that none of the 
colour had remained with the cells. 

By means of the procediue, here described, w’e 
have been able to obtain consistent results on 
measuring the effects of nicotine on the activity of 
various dehydrogenases in living yeast cells. 
Consistent results were not obtained when we used 
other, previously available, methods. 

SUMhlARY 

A colorimetric method is described for the quanti- 
tative determination of dehydrogenase activity in 
yeast and other cell suspensions. The method is 
especially useful when it is desired to measiue 
the effects of either activators or inliibitors on 
dehydrogenase systems. 
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Adaptation of Bacillus subtilis to Fatty Acids 

By H. XiASEB 

Molteno histitutc. University of Cambridge 
(Received 27 June 1951) 


It has previously been, shown (Laser, 1951) that 
respiration and growth of Bacillus subtilis are in- 
hibited by cis-vaccenic acid, the degree of inlribition 
being dependent on the ratio of acid to cells. The 
inhibition is transient at suitable ratios, respiration 
and growth ultimately proceeding at rates equal to 
or even greater than those of untreated controls. 
Bacterial cells, which have recovered from the 
initial inhibition by vaccenic acid, were found to be 
resistant to further addition of the acid, a result 
which resembles acquired drug resistance by 
bacteria. These studies have now been extended to 
other fatty acids and the behaviour of such treated 
cells after subculture in absence of fatty acids has 
been examined. 

MATERIAL AKD METHODS 

The strain of B. subtilis used was no. 2586 of the National 
Collection of Type Cultures. Vegetative forms were obtained 
and prepared for manometric experiments as previously 
described (Laser, 1951). 

The medium in which washed cells were suspended was 
O’lSM-phosphate buflFer, pH 8-0, containing 2% glucose 
iO'5 ml. nutrient broth/3'0 ml. 

The fatty acids tested were stearic, linoleic, oleic and 
synthetic cis-vaccenic acid (Morton & Todd, 1950). They 
were dissolved with heating in 0-3 M-K3PO4 (usually 2-0 mg./ 
ml,), diluted with water to 0-15 M, and pipetted into the 
reaction vessel immediately before adding the organisms. 
The acids and their solutions in K3PO4 were kept imder in 
the cold. The solutions were warmed before use and in the 
case of stearic acid, all the components of the medium were 
heated to 40° and quickly pipetted into warmed vessels. In 
order to maintain the pH of the phosphate buflFer at pH 8-0, 
0-12 ml. O'ISm-KHjPO^ were added per O'l ml. 0'15 m- 
K 3PO4 containing the dissolved fatty acid. 

Respiration was measured manometricaUy in Barcroft- 
Warburg manometers at 37°. The gas phase was Oj. As a 
rule all components of the medium were filled into the main 
compartment of the flasks before the begimring of the ex- 
periment, the fatty acid being added immediately before the 
organisms. In those experiments in which the fatty acid was 
added at < = 0 or at a convenient time during the course of the 
experiment, it was tipped into the main compartment of the 
vessel from a side bulb, the required amount of acid being 
dissolved in 0'05ml. 0'15 .m-K 3P04. The same amount of 
0'15 m-K 3P04 was tipped at the same time into the control 
vc.sscl. 

The initial (dry) weight of cells per vessel varied between 
0-5 mg. (growing cells) and l'O-2-Omg. (washed cells), 
contained in O-l-O-Iml. of a suitably dUuted washed 


suspension. Its turbidity was determined by means of the 
Spekker nbsorptiometer (1 cm. cell, Ilford filters H503 and 
608) and the cell content (on a dry weight basis) obtained by 
reference to a calibration curve. 

To subculture cells after treatment with a fatty acid at the 
end of a manometric experiment, the following procedure 
was observed. One small drop of the cell suspension was 
plated on nutrient agar in a Petri dish and incubated over- 
night at 37°. In order to exclude accidental contamination 
during the manometric procedure, the culture was ex- 
amined microscopically and cells from a single eolony were 
then incubated in 10-0 ml. nutrient broth -f 2 % glucose for 
8 hr. and transferred into Roux flasks upon peptone-agar 
for about 16 hr., ns previously described (Laser, 1951). 

Symbols and abbreviations. R =:‘acid ratio’ =ratio of wt. 
of fatty acid in the medium : dry wt. of cells. Recovered 
cells = cells whose respiratory and growth rates, after initial 
inhibition by a fatty acid, had equalled those of the un- 
treated control. Qoj O2 uptake/mg. dry wt./hr, 

RESULTS 

The present experiments deal mainly with the effect 
of fatty acids on the respiratory rate of washed cell 
suspensions in phosphate buffer solution. -(-glucose 
and on the respiratory and growth rates of cells in 
the same medium to which nutrient broth had been 
added. No growth occurs in washed suspensions in 
absence of broth, so that the rate of Og uptake, in 
absence or presence of fatty acid, is a measure of the 
ability to oxidize glucose. In growing cells the rate 
of O2 uptake is, in addition, an index of growth, 
i.o, the logarithmic increase in cell population is re- 
flected in the logarithmic increase of the respiratory 
rate. 

The effect of stearic acid. Fig. 1 shows the effect of 
different concentrations of acid on the Oj uptake of 
2-0 mg. washed cells. It will be seen that (1) at the 
concentrations used, the respiration is initially 
mhibited ; (2) the inhibition increases with increasing 
amounts of acid ; (3) the cells gradually recover from 
the inhibitory effect of the acid and eventually 
attain a rate of Oj uptake which approaches or 
equals that of the control. Similar curves are ob- 
tained if the same concentration of acid is allowed to 
act on decreasing amounts of cells, i.e. the inhibition 
becomes greater as the cell concentration falls. This 
confirms earlier results with vaccenic acid (Laser, 
1951) and demonstrates that the inhibition depends 
much less on the concentration of acid in the medium 
than on the ratio of acid to cells. This ratio (R) has 
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therefore been used throughout the descriptive part 
of the paper while the corresponding molar concen- 
trations are given in the figures. 

Stearic acid, which was the only satxurated acid 
tested, has been foimd to inhibit respiration, less 
than the unsaturated acids. This became especially 
apparent at higher concentrations, the cells toler- 
ating and recovering from acid ratios as high as 1, 
which was not the case with the other acids. Such 
a result could be ascribed to the low solubility of 
stearic acid which might prevent a uniform distribu- 
tion of acid among the cells. Preliminary experi- 
ments, however, in which the precaution of warming 
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f (hr.) 

Pig. 1. Effect ofvaiying ratios ofstearic acid: cells (U) on Oo 
uptake of washed suspensions (2'0 mg. dry wt./4'7 ml.), 
plotted as % of Qoj (/d- Oj/mg. dry wt./hr.) of control in 
absence of acid; O-ldM-phosphate buffer, pH 8-0, +2% 
glucose; gas phase, Oj. The figxires on the curves 
denote iJ. Concentration of acid in the medium (from 
top to bottom): 0-94, 1'89, 3-75, 7-57 and 15-1 x 10 “^ m. 

all components of the medium prior to setting up the 
vessels was not taken (see Methods), allowed this 
possibility to be excluded. Under these conditions 
the paradoxical effect was obtained that the in- 
hibition of O 2 uptake increased with decreasing con- 
centrations of acid. This can be explained by the 
readiness of dissolved stearic acid to precipitate out 
of solution more quicldy at high than at low con- 
centrations, thereby diminishing the effective B. 
This effect was not encormtered when the proper 
precautions were taken. The relatively low in- 
liibitory effect of stearic as compared with the 
unsaturated acids therefore appears to be real. A 
similar obsem'ation, namely the relatively low 
toxicity of stearic acid as compared with un- 
saturated acids, has been made by Kodicek & 
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Pig. 2. Effect of different acids on Oj uptake of washed cell 
suspensions (2-0 mg. dry wt./3-O ml.), plotted as per- 
centage of Qoj of control in absence of acid; 0-15 M- 
phosphate buffer, pH 8'0, +2% glucose; gas phase, O 2 ; 
ratio of acid : cells =0-05; concentration of acids in 
medium = ld8 x 10 "*m; A, stearic; B, oleic; C, vaocenio; 
H, linoleic acid. 
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Fig. 3. Effect of different acids on O 2 uptake of growing 
cells (0-5 mg. initial dry •wt./3-O ml.); 0-15M-phosphate 
buffer, pH8-0, -t-2% glucose 4- 0-5 ml. nutrient broth/ 
3-0 ml.; gas phase, Oj; ratio of acid : cells = 0-05; con- 
centration of acid in medium = 1-18 x IO'^m; A, control 
without acid; B, stearic; C, oleic; D, vaccenic; E, linoleic 
acid. 

Worden (1945) in their work on growth and lactic 
acid formation by Lactobacillus casci. 

The relative effect of different fatty acids. Figs. 2 
and 3, which demonstrate the effect of different 
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Thus washed cells treated with linoleic acid, B-^ 
did not recover from the respiratory inliibition 
during an experiment of 6 hr. duration, ■while with 
oleic acid at the same ratio recovery set m after 
3 hr., leading after 6 hr. to a 70% increase of the 



acid, are resistant to a further addition of this acid 
(Laser, 1951). It was therefore determined whether 
this is also the case with other fatty acids and 
whether the developed resistance is specific for the 
acid rvith which the cells have been treated. Fig. 5 
shows the effect of a second addition of different 
amounts of linoleic acid on the respiration of washed 
cells, which are recovering from an initial inhibition 



Fig. 4. Effect of varying ratios of linoleic acid : cells (JR) on 
Oj uptake of growing cells (0-5 mg. initial dry wt./3-O ml.) 
and of washed suspensions {2-0 mg. dry wt./3'Oml.); 
0-16M-phosphate buffer, pH 8-0, + 2% glucose ±0-5 ml. 
nutrient broth|3'0 ml.; gas phase, Oj-, growing cells, 

• •; washed suspensions, • ». 

oxidation rate above that of the control. The in- 
hibition of Oj uptake of growing cells was always 
accompanied by an inhibition of growth, as in the 
case of vaccenic acid (Laser, 1951). When the cells 
recover from the respiratory inhibition, however, 
the rate of growth approaches or even exceeds the 
normal rate. 

Belativc tolerance for linoleic acid of washed and 
growing cells. The question of the necessity of 
growth for the development of resistance is an im- 
portant one. The behaviour of washed and growing 
colls of the same batch was therefore examined on 
addition of two different concentrations of linoleic 
acid (i? = 0-05 and 0-1) the higher of which inlribited 
the respiration of washed cells completely and with- 
out recover}' (Fig. 4). It will be noted that growing 
colls are able to overcome the inliibition. The in- 
creased tolerance, however, conferred by the condi- 
tions of growth is small, only twofold, as at a ratio 
if = 0’2 no recovery took place even with growing 
cells, the corresponding curve (not shoivn in Fig. 4) 


t (hr.) 

Fig. 5. Effect of second addition of linoleic acid on On 
uptake of washed cell suspensions (2-0 mg./3-O ml.) 
plotted as percentage of Qo„ of control in absence of acid; 
O'lSM-phosphate buffer, pH 8-0, +2% glucose; gas 
phase, Oj. Initial ratio of acid : cells (Rf) and concentra- 
tion of acid in the medium are shorni on the heavy line 
{A-D), which indicates four initially identical vessels, to 
three of which [B, G, D) a second addition of acid (0-05, 0-1 
and 0-2 mg.) has been made at i = l-5 hr. (indicated by 
arrow), leading to i;j=0-05 for B, 0-075 for 0 and 0-126 
for D. 

by linoleic acid (i?= 0-025). It will be seen that the 
cells not only tolerate amounts of acid in excess of 
the initial concentration, but show an increase of O 2 
uptake with increasing amounts of added acid. 
This cannot have been caused by the oxidation of 
the acid itself, because it was many times greater 
than could be accounted for by the oxidation of the 
added acid. This increased rate of metabolism may 
be likened to, or be one of the underlying reasons 
for, the increased growth rate of certain bacteria, 
e.g. Lb. casei, in presence of oleic acid, after recovery 
from the primary growth inhibition (Williams & 
Fieger, 1946). Fig. 6 illustrates the effect of a second 
addition of acid to growing cells. Here too the 
treated cells, during the process of recovery, have 
become resistant to approximately six times the 
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initial acid ratio, as expressed by the steady 
logarithmic increase of respiration, which is a 
measure of the increase in cell population. In a 
number of experiments with oleic acid this has also 
been directly confirmed by density determinations. 
Similarly, treated recovered cells grew at a normal 
rate when transferred into a new medium in 
presence of fatty acid at a concentration several 
times higher than the mitially inliibiting dose. 
Increasing the amount of acid by a second addition, 
however, did not produce an increase in the growth 
rate above that of the controls. This is probably due 
to the fact that, under the experimental conditions, 
growth proceeded at the maximal rate. 
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Enzyme adaptation by bacteria, however, is 
believed to occur fairly rapidly imder suitable con- 
ditions. Thus Pollock (1950) has demonstrated that, 
after a brief treatment of bacteria with penicillin, an 
adaptive enzyme is produced within about 1 hr. In 
the experiments illustrated in Figs. 5 and 6 of this 
paper, a second addition of acid had therefore been 
made at a time when the cells were only beginning to 
recover from the respiratory inhibition. It will be 
seen that at that time resistance had already 
developed. It was then determined whether imder 
the conditions of these experiments, which differ 
jfrom those maintained by PoUock, a relatively 



Fig. 6. Effect of second addition of Unoleic acid on 0^ 
uptake of growing cells (0-5 mg. initial dry wt./3-O ml.); 
0'15M-phosphate buffer, pH 8-0, +2% glucose + 0-5 ml. 
nutrient broth/3'0 ml. ; gas phase, Oj . Initial ratio of acid 
to cells (J?o) and concentration of acid in the medium are 
indicated on the heavy line (jS-F). This represents five 
initially identical vessels, to four of which (C-F) a second 
addition of acid (0'026, 0-05, 0-1 and 0-2 mg.) has been 
made at t=:l'6hr. (indicated by arrow), leading to ap- 
proximate ifj=0'066 for G, O-l for D, 0'166 for E and 
0-3 for F, on taking the increase in cell population at 
t = 1'5 hr. into account. 

Tlie question whether the resistance is specific for 
the acid with which the cells have initially been 
treated was examined by cross-reaction of growing 
cells with all the acids used in these experiments. The 
results were uniform and imambiguous : treatment 
with any one acid produced resistance against any 
of the other acids. Even cells treated with and 
recovered from the inhibition by a saturated acid 
(stearic acid) showed imaffected rates of Og uptake 
and growth on addition of linoleic acid. 

Development of resistance. In previous work 
(Laser, 1951) a second addition of acid to treated 
cells had been made at a later stage of the experi- 
ments, i.e. after complete recovery had taken place. 



Fig. 7. Effect of second addition of oleic acid, at different 
times of the experiment, on Oj uptake of growing cells 
{0'5 mg. initial dry wt,/3'0 ml.); O-lSii-phosphate buffer, 
pHS'O, -}-2% glucose -f 0'5 ml. nutrient broth/3'0 ml.; 
gas phase, O 2 . .Initial ratio of acid : ceils (EJ and concen- 
tration of acid in the medium are indicated in the figures 
on the curves (for curve I>, see text). The heavy line 
(E, C) represents two initially identical vessels. Second 
additions (0-05 mg.) were made to C and F at t = l-5 hr., 
to F at {=0, leading to F, (appro.vimate F( for 
C and E) =0 0835 for C, 0-1 for D and 0-07 for E, on 
taking the increase of cell population at < = 1-5 hr. into 
account. 

short contact of the bacteria with a fatty acid would 
also be sufficient to produce resistance. Accordingly, 
at t=0 a second addition of acid was made to cells, 
which had been in contact with acid for the time 
involved in setting up the manometer vessels, 
gassing with O 2 and establishing temperature 
equilibrium, which amounted to about 25-30 min. 
(Fig. 7). It will be seen that the second addition of 
acid at « = 0 decreased the O 2 uptake by about 50 % 
(curve D, Fig. 7), compared with control cells 
(curves D, O, Fig. 7) and that recovery was delayed 
for about 30 min., i.e. resistance had not developed 
during the preliminary incubation period. On the 
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(curve E, Pig. ^), caused the cells to become re- 
sistant. That very small concentrations of substrate, 
as, for example, lO'^M-nitrate or 8 x 10 “M-peni- 
cillin, produce marked adaptation in Escherichia 
coli and B. cereiis respectively, has previously been 
reported by Wainwright (1950) and by Pollock 
(1950). Since in the present experiments resistance 
developed only after a lag period, it seems to depend 
on some metabolic activity of the cell during that 
period, which in these experiments, as in those of 
Pollock, lasted about 1 hr. 

Subculture of treated recovered cells. Treated cells 
have so far only been shown to be resistant to a 
second treatment with a fatty acid immediately 
after recovery from the first addition, i.e. without 
interposition of a period of growth in absence of acid. 
Experiments were therefore carried out to determine 
the effect of fatty acids after subculturing recovered 
cells in absence of fatty acid. In the present arrange- 
ment the shortest interval between the removal of 
the bacteria from the acid-containing medium and 
re-examination of subcultured cells was 40 hr. The 
following results were obtained: (1) cells which had 
developed resistance either as washed suspensions 
or in a nutrient medium had completely lost their 
resistance; (2) their Oj uptake and growth on 
renewed exposure to any of the fatty acids were 
inhibited to the same extent and recovery took place 
at the same rate as that of untreated controls; 
(3) the process can be repeated many times, 
apparently indefinitely, without any alteration in 
the behaviour of the organisms. Whether the com- 
plete loss of resistance occurred unmediately on 
subculturing in absence of acid or only gradually 
could not be decided from the present experiments. 

DISCUSSION 

The experiments dealing with the inhibition of 
growth and respiration of B. subtilis and the sub- 
sequent recovery after treatment with stearic, oleic 
and linoleic acids differ but little from previous 
experiments with vaccenic acid (Laser, 1961). The 
conclusion had then been drawn that the inhibition 
re.sults from a temporary blocking by penetrated 
acid of the oxidative S3'stem inside the cell and that 
rccoverj’’ is due to the ability of the cell to meta- 
bolize penetrated acid. It appeared unlikely that 
phj sico -chemical siuface phenomena could accormt 
for the observed facts, especially the recovery from 
the inhibition and the subsequent resistance of 
treated colls. The results of the present work make 
this oven more improbable because (1) a second 
^ of fattj' acids still further increases the 

inhibition, if the acid is added before a certain 


treated with a small dose of acid, which by 
does not cause respiratory inhibition ; ( 3) the addition 
of fatty acid to treated recovering cells stimulates 
the 0. uptake of washed suspensions ; (4) treated 
recovered cells respire and grow at an un- 
diminished rate if transferred into a new medium in 
presence of fatty acid; (5) the resistance of treated 
recovered cells is lost after the organisms have been 
subcultured in absence of added fatty acid. The 
joint significance of these facts, however, makes it 
reasonably certain that the phenomenon of resist- 
ance is due to the development of an adaptive 
enzyme. WHiether the complete loss of resistance 
occurred immediately on subcultming in absence of 
acid or only gradually could not be decided by the 
present arrangement. However, as resistance had 
been completely lost, the rate of its loss has no 
significant bearing on the above conclusion. 

Since washed cell suspensions are able to develop 
resistance, they must be capable of doing so by 
rearrangement of their protein constituents. That 
such rearrangements do occur has been clearly 
demonstrated by Spiegelman & Dunn (1947-8) and 
Spiegelman & Reiner (1947-8) in their work on the 
interrelationship of enzymes in bacteria during 
adaptation, and by Chin (1950), who has described 
changes of the different components of cytochrome 
in washed, non-growing yeast cells following upon 
aeration. The increase in tolerance afforded by a 
nutrient medium, however, is small, only twofold if, 
as in these experiments, the substrate concentration 
is at the tolerance level for washed cells. It is there- 
fore considered likely that the development of 
resistance in washed cell suspensions and in 
growing cells, at least in these experiments, differs 
only in its quantitative aspect, i.e. growth by itself 
does not confer on the cell a new property. However, 
where the substrate is either indifferent, as, for 
example, galactose with Streptococcus lactis grown in 
presence of, and adapted to, glucose, or where it only 
partly inhibits growth, the process of multiplication 
can obviously greatly potentiate tolerance and/or 
enzyme formation. These views are in agreement 
with those expressed by Spiegelman & Dunn 
(1947-8) and Spiegelman & Reiner (I947-8), 
although in the past contradictory conclusions have 
been drawn by a number of workers (see Yudkin 
1938). 

Evidence put forward in this paper, especially the 
coincidence of the period of inhibition of growth and 
respiration with the time lag before resistance 
develops, is believed to support the conclusion that 
the substrate, towards which the ceU ultimately 
evelops resistance, has first to be metabolized 
y he cell and that the acquired resistance 
dependent on this metabolic process. 


IS 
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SUjMjMARY 

1. Stearic, oleic, vaccenic and linoleic acids, 
within the range of concentrations used, produce an 
mhibition of respiration of washed suspensions of 
Bacillus subtilis and a concomitant mhibition of 
respiration and growth of growing cells. 

2. The mhibition is transient, its degree and 
duration being dependent on the ratio acid : cells. 

3. Washed suspensions and growing cells which 
have recovered from the inhibition are resistant to 
further additions of acid at concentrations higher 
than the initially inliibiting dose. 

4. Treatment with any one acid produces 
resistance against any of the other acids. 

5. A time lag ensues on treatment with a fatty 
acid before resistance develops. 
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6. Low concentrations of acid, which do not 
inhibit growth or oxygen uptake, nevertheless 
produce resistance. 

7. The tolerance of growing cells with subsequent 
development of resistance is slightly greater than 
that of washed suspensions. 

8. The resistance is lost on subculturing the cells 

in absence of fatty acid. 

9. The evidence suggests that the resistance of 
acid-treated cells is due to the development of an 
adaptive enzyme, which is formed subsequently to 
the incorporation into the cell and the metabolic 
degradation of the fatty acid. 

I am indebted to Dr I. D. Morton for supplying me ■wdth 
the synthetic vaccenic acid. 
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The Inhibition of Erythrocyte Cholinesterase 
by Tri-Esters of Phosphoric Acid 

1 . DIETHYL p-NITROPKENYL PHOSPHATE {E600) AND ANALOGUES 


By W. N. ALDRIDGE and A. N. DAWSON 
Medical Research Council Unit for Research in Toxicology, 
Serum Research InstiUite, Garshalton, Surrey 

{Received 30 July 1951) 


The ester diethyl p-nitrophenyl phosphate (E600) 
is a powerful and irreversible inliibitor of cholin- 
esterase. The kinetics of its reaction with cholin- 
esterase have been studied (Aldridge, 1950). 

The work to be reported here began eis a study of 
the inliibitory powers of analogues of E600 con- 
taining different substituents in various positions 
on the phenyl ring. Comparisons of the activities of 
other groups of irreversible inhibitors of cholinestor- 
ase have been reported. Mackworth & Webb (1948) 
compared the activity of dialkyl fluorophosphonates 
prepared by McCombie & Saimders (1946) against a 
purified preparation of horse-serum cholinesterase. 
IMetcalf & Marsh (1949) compared the activity of 
substituted diethyl phenyl phosphates and thio- 
phosphates against bee-brain cholinesterase. In 
these reports a direct comparison was made between 


the concentrations of inhibitor that produced 50 % 
inliibition of the cholinesterase preparation. 

Aldridge (1950) showed that the inhibition of 
erythrocyte cholinesterase by E 600 followed first- 
order kinetics and was bimolecular. The bimolecular 
rate constants were considered to be a much better 
index of inhibitory power than the usual 50% 
inhibition concentrations. WTien these constants 
were determined for this series of compoimds it was 
found that the kinetics of the inhibition were not 
like those obtained for E 600. It was then realized 
that these differences could be accounted for by the 
presence of a very active, but unstable, inhibitor of 
cholinesterase. 1^60 this impurity was removed the 
compounds reacted with cholinesterase in the same 
way as E 600. This aspect of the work seemed to be 
important, and the work carried out with one of 
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With our samriles by the method of Nachmansolm & Rothenberg (1945 , as 

tbesecompouiidsi 5 givenmdetaJ.Witho^samp s y described in detail (Aldridge. 1950). With long 

of inhibitors, therefore, the deter^ation ot the (2-6 hr.) it was sometimes found that the 

concentration necessary for 50% inhibition would control fell appreciably. The addition of 
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have given misleading values for their activity. As 
wUl be pointed out, the possibility of the detection of 
this impurity rested on our choice of cholinesterase 
preparation and also on a detailed study of the 
kinetics of inhibition of the enz 5 rme. 

A knowledge of the kinetics of inhibition of 


20/tg./ml. of KCN to the buffer for all incubations longer 
than 1 hr. effectively prevents such loss of activity and does 

not alter the inhibition by E 600 analogues. 

Rates of inhibition have always been determined in 
double-armed flasks, the red cells in the flask and the in- 
hibitor solution and acetylcholine in the side arms. At zero 

equilibration, the 


ervthrocvte cholinesterase rests almost entirely on time, after gassing and temperature equilibration, the 

y Ti j j * virv 4 -VvoT*cxfr\r A fA inhibltiOr is tipped, into the centre conipo,rtnient end. the 

work using E 600. It seemed desira , . jncubation finally terminated by tipping in the acetylchoUne 


work using 

extend this work to other inhibitors of the same 
type, for Biggie & Gage (1951) have recently shown 
that diethyl p-nitrophenyl thiophosphate (E 606), 
purified chromatographically, has an extremely low 
inhibitory action against cholinesterase. The high 
inhibitory power of the sample used by Aldridge 
(1950) must have been due to the impurities it con- 
tained. These were most probably the isomers, 
00-diethyl S-p-nitrophenyl thiolphosphate and 
OiS-diethyl 0-p-nitrophenyl thiolphosphate. 

It was suggested (Aldridge, 1950) that the 
mechanism of inhibition of cholinesterase could 
be expressed by the equation: 


E T 

Enzyme Inhibitor 


{EJf 

Reversible enzyme 
inhibitor complex 


at the required time. 

During the course of this work it was found necessary to 
have some quantitative measure of reversible and irrevers- 
ible inhibition. This has been determined by the following 
washing technique : A red cell suspension of such a concen- 
tration of cholinesterase that 0-5 ml. will give an output of 
approximately 8 pd. COj/min. is incubated with the in- 
hibitor. At the end of the incubation, 5 ml. are pipetted into 
45 ml. of buffer in a centrifuge tube and 0‘5 ml. directly into 
3-0 ml. bufier containing the acetylcholine in a Warburg 
flask (to determine the total inhibition) . The diluted blood is 
centrifuged at 2500 rev./min. for 5 min., the supernatant 
removed and the cells washed a further four times with 
bufier. After the final washing, the cells are resuspended 

— ► {Ey Products 

Irreversibly 
inhibited enzyme 


and that the inhibitor was hydrolysed during the in- 
hibitory process. There is evidence (Jansen, Nutting 
& Balls, 1949) that when chymotrypsin is inhibited 
by di-tsopropyl fluoropbosphonate (DFP), di-iso- 
propyl pbospbato remains attached to the inactiv- 
ated enzyme and that one molecule of acid (presum- 
ably HE) is liberated during the inhibitory process. 
Hartley & Kilby (1950) have shown that one mole- 
cule of p-nitrophenol is liberated during the inhibi- 
tion. of ono molecule of chymotrypsin by E600. 
When horse-serum cholinesterase is inhibited by 
DFP containing phosphorus becomes firmly 
attached to the cholinesterase (Boursnell & Webb, 
1949), and Jandorf & McNamara (1950) have also 
shown that after a dose of DFP containing to 
rabbits, the elimination of from the red cells 
paralleled the reappearance of cholinesterase 
activity. When mammalian cholinesterase has been 
prepared in a pure state, a direct experiment to 
test the hjqiothesis that the inliibitor is hydrolysed 
during the inhibitory process may be carried out. 
At the present time indirect methods must be used, 
and for this reason it was of interest to compare the 
stabilitj' of hj'drolysis at physiological pH and 
temperature of this series of inliibitors with their 
inhibitory power . The results confirm the hypothesis 
stated above. 

METHODS 

I'.r} tlirooytcs from defibrinated sheep blood have been used 
as a source of cholinesterase. Activity has been determined 


and diluted to 5 ml. and a sample taken for determination of 
cholinesterase activity (irreversible inhibition). With cells of 
low activity larger amounts of blood (up to 3‘0 ml.) may be 
taken, thus increasing the sensitivity six times. Buffer 
containing 20 pg./ml. of KCN was used for all the washing 
procedures. Control blood samples with no inhibitor added 
were always carried through the whole procedure. Stock 
solutions of aU the inhibitors have been prepared in absolute 
ethanol and dilutions made from them for the experi- 
ments. 

The following inhibitors, derived from diethyl phos- 
phoric acid, were used: diethyl phenyl phosphate, diethyl 
p- and o-ohlorophenyl phosphate, diethyl ^i-nitrophenyl 
phosphate (E600), diethyl o- and m-nitrophenyl phosphate 
and tetraethyl pyrophosphate (TEPP). {Editorial note. The 
names ‘ diethyl o- and p-ohlorophenyl phosphate ’ are used in 
this paper for the sake of consistency with other diethyl 
phenyl phosphates, although they are contrary to the 
alphabetical order for prefixes now customary in the 
Binchemical Journal-, of. J. chem. Soc. (1950), p. 3699.) 

Rates of hydrolysis of the inhibitors in phosphate buffer, 
pH 7-6, at 37° were determined using the following standard 
procedure; A weighed amount of ester (approx. 500 mg.) 
was dissolved in 10 ml. ethanol. At zero time 5 ml. were 
pipetted into 495 ml. ofSorensen’sphosphate buffer (pH 7-6) 
previously warmed to 37°. As preservatives during the 
hydrolysis of the o- and ^i-nitropbenyl esters, the buffer 
contamed 0-02 % (w/v) thymol while for the rest of the sub- 
stituted phenyl esters 0-10% (w/v) merthiolate was used, 
bamples were withdrawn at various times and the corre- 
^onding phenols estimated, o- and p-Nitrophenol were 
determmed directly by their yellow colour at pH 7-6. 
phenol, o- and p-chlorophenol and m-nitrophenol i 
determined by the method of Gottlieb & Marsh (1946). 


■were 
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The rate^ of hydrolysis of TEPP was determined mano- 
metrically in NaHCOj buffer. The volume of COg evolved 
after complete hydrolysis amounted to 1-94 mol. COJmol 
TEPP. 

RESULTS 

Washing technique for the determination of irre- 
versible inhibition. As lins been shown previously 
(Aldridge, 1950) intact red cells, are a very con- 
venient source of cholinesterase. Inliibitors may be 
added, allowed to react and then removed by the 
simple process of washing the cells with buffered 
saline. The results given in Table 1 show that the 
cholinesterase activity of normal sheep red cells is 
not appreciably affected by a prolonged washing 
equivalent to a dilution of 10^® times. If the cholin- 
esterase activity of these cells is inliibited by treat- 
ment with E 600, a similar washing process reacti- 
vates the enzyme by less than 5 %. When red cells 
are inliibited by eserine, more than 60% of the 
inhibition is reversed after only one washing (a 
dilution of 10 times). Our standard procedure for 
the determination of irreversible inhibition has 
been to wash five times which is equivalent to 
diluting 10®— 10® times. 

Table 1. Washing of sheep red cells before 
and after treatment with E 600 

(Washed sheep red cells incubated with 6-5 x10~’m 
E 600 for 30 min. Each washing is equivalent to a dilution 
of 10 times.) 

Activity (jal. CO,/min.) 


No. of Without With 

washings E 600 E 600 

0 9'6 0-7 

5 9-4 0-9 

18 8-9 1-0 


Enzymic hydrolysis of inhibitors. In a preliminary 
note (Aldridge, 1951) it has been shown that there 
are enzymes in mammalian tissues which can hydro- 
lyse E 600 and it is, therefore, important to be sure 
that the cholinesterase preparation used (which is 
necessarily impure) is free from enzymes which will 
hydrolyse the inhibitor. This has been checked using 
E 600, the most unstable to hydrolysis of the sub- 
stituted diethyl phenyl phosphates we have used. 
Sheep red cells at a concentration which possessed 
a cholinesterase activity of 7—10^1. COj/min. 
produced a negligible output of CO 2 ( < 0'3 /il./min.) 
when E 600 was used as a substrate at a concentra- 
tion of 2 mg./ml. This means that this preparation 
is, from a practical point of view, free from any 
enzyme which will hydrolyse the substituted phenyl 
inhibitors used in this work. However, red cells 
catalyse the hydrolysis of TEPP appreciably. WTien 
red cells similar to the preparation used above are 
incubated with TEPP at concentration of about 
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4 mg./ml., 4 yl. COg/min. are evolved. (This figure has 
been correctedfor the aqueous hydrolysis of TEPP.) 
As will be explained later inhibition of red-cell 
cholinesterase by TEPP does not give the kinetics of 
the other inhibitors and this is due to the destruction 
of TEPP by the enz 3 mie preparation used. This fact 
has been of great value in the detection of the 
impurities in oiu inhibitors. 

Inhibition of cholinesterase by diethyl p-chloro- 
phenyl phosphate. The rate of reaction of the 
diethyl p-chlorophenyl phosphate has been deter- 
mined using double-armed flasks so that the in- 
hibitor may be added to the enzyme after tempera- 
ture equilibration and the reaction stopped later 
by the addition of acetylcholine from the other side 
arm. In Fig. 1 are shown the results we obtained. 
With E 600 first-order kinetics are obtained at each 
concentration of inhibitor, whereas in this case there 
is a very rapid, followed by a slow, progressive 
inhibition. 



Fig. 1. Rate of inhibition of cholinesterase by unpuiified 
diethyl p-chlorophenyl phosphate. Concentration of 
inhibitor shown against each curve. 

These results were similar to those previously 
determined with diethyl 8-quinolyl thiophosphate 
(Aldridge, 1950) when it was shown that the initial 
rapid i^ibition was reversible and could be re- 
moved by washing. A determination of irreversible 
inhibition was, therefore, carried out using the 
teclmique described earlier in this paper. As will be 
seen, in Table 2, none of this initial rapid inliibition 
is reversible by washing. 

Since such closely related compoimds as diethyl 
p-nitrophenyl and p-chlorophenyl phosphates 
produce such dissimilar results when the rate of their 
reaction with cholinesterase is examined it seemed 
probable that impurities were respor^ible. We 
should expect the type of kinetics obtained if the 
rapid irreversible inliibition were produced bj’’ a 
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Table 2. Washing 0 / red cells after inhibition 
with diethyl ^-chlorophcnyl phosphate 


has been compared with that of the solution of 
inhibitor after 864 hr. in buffer at pH 7-6 and at 
aao nmrvrrvfnrm . toluene, ether and n-amyl alcohol 


(Cells inhibited for 15 min. at 37°. Each washing k 

equivalent to a dilution of 10 times.) 

^ Activity 

{/A. COj/min.) 


Exp. 

no. 


No 

washes 

Eive 

washes 

1 

Cells (no inhibitor) 

Cells + 1'9 X 10”'*M-inhibitor 

8-5 

0-24 

8-7 

0-24 

2 

Cells (no inhibitor) 

Cells-!- 2-4 X 10~^si-mhibitor 

7-6 

0-8 

7-8 

09 


■were of little value since the compound was too 
soluble in them. The results in Table 3 show that the 
compound in the buffer has the same distribution 
between liquid paraffin and water as the original 
compound. If an ethyl group had been removed 
during the incubation in buffer a di-substituted 
phosphoric acid would result which would be much 
more soluble in water. It is clear, therefore, that our 
sample of inliibitor contains an active inhibitor 
which is more readily hydrolysed in buffer than is 


highly active but unstable inhibitor. The highly 
active inhibitor reacts rapidly with cholinesterase, 
but is being destroyed so rapidly itself that after 
about 20-30 min., virtually all of it has been re- 
moved. The final slow inliibition would then be due 
to the diethyl p-clilorophenyl phosphate itself. Two 
observations convinced us that this was probably 
true. When a chloroform solution of diethyl p- 
chlorophenyl phosphate was shaken with weak 
caustic soda solution, then with water, dried and the 
chloroform evaporated, its inhibitory power was 
considerably reduced. Secondly, a solution of the 
diethyl p-chlorophenyl phosphate which had been 
incubated at pH 7'6 at 37° for 864 hr., but had only 
undergone 8% hydrolysis, had a low inhibitory 
power and when examined for its rate of reaction 
with cholinesterase gave straightforward kinetics 
for each concentration tried (Fig. 2). 


the diethyl p-chlorophenyl phosphate. 

Table 3. Distribution coefficient of diethyl p-chloro- 
phenyl phosphate between liquid paraffin and water 

(Concentration of diethyl p-chlorophenyl phosphate 
determined after hydrolysis in NaOH as p-chlorophenol 
using the method of Gottlieb & Marsh (194G). Free p- 
chlorophenol was determined before hydrolysis with 
NaOH. The solution of inhibitor in phosphate buffer was 
shaken with an equal volume of liquid parafSn and the con- 
centration of free and bound p-chlorophenol repeated on 
the aqueous layer.) 

Distribution coefficient 
(room temp.) 

Compound liquid paraffin/buffer 

p-Chlorophenol 1-6 

Fresh diethyl p-chlorophenyl 6-G 

phosphate 

Diethyl p-chlorophenyl phosphate 6-9 

after incubation for 864 hr. at 



Time (min.) 

I'ig. 2. Rate of inhibition of cholinesterase by purified 
chethyl p-chlorophenyl phosphate. Concentration of 
iniubUor bIioiiti ogainst each curve. 

It could bo argued that some other change has 
occurred during its incubation in buffer. In order 
to chock tins point, the distribution coefficient of the 
parent compound between liquid paraffin and water 
Biochcni. 1D52, 51 


pH 7-6 and 37° 


An examination was made of the speed with 
which this active inhibitor was hydrolysed in water. 
A solution of the original compormd was prepared in 
the bicarbonate buffer used for the cholinesterase 
estimations. Samples were withdrawn after 0, 18 
and 40 hr. at room temperature and the determina- 
tion of rate of reaction repeated. In Fig. 3 the results 
are plotted, and it will be seen that the amount 


of the rapid initial inhibition decreases rapidly 
according to the tune the inhibitor has been in 
buffer, until after 40 hr. there is no rapid initial 
inhibition and the kinetics are first order over the 


wnoie experiment. Durmgthis period the hydrolysis 
of the diethylp-chlorophenyl phosphate is negligible. 

Our sample of diethyl p-chlorophenyl phosphate, 
therefore, contains an active inhibitor which is 
sufficiently unstable to be completely hydrolysed 
after 3 days in bicarbonate buffer at room tempera- 
ture. However, an examination of Fig. 3 shows 
that this inhibitor must be removed in 20-30 min. in 
the presence of sheep red cells. TEPP is an inhibitor 
which is hydrolysed readily in water, and it has been 

Swnn paper that the hydrolysis of 

lEPP is catalysed by sheep red cells and the fact 
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that the diethyl ft-chlorophenyl phosphate is a 
derivative of diethyl phosphoric acid (half of the 
TEPP molecule) also suggests that TEPP may be 
the impurity. We have, therefore, added TEPP to 
a solution of the diethyl p-chlorophenyl phosphate 
which has been incubated in buffer at room tempera- 
ture for several days and have repeated the de- 
termination of rate of reaction with cholinesterase. 
The results given graphically in Fig. 4 show that 
these restdts are similar to those in Fig. 3. Further, 
if the rate of inliibition of red-cell cholinesterase by 
TEPP alone is examined, it is foimd that there is no 
further inliibition after 30 min. (Fig. 5). It can be 
argued that this is due to an equilibrium reaction 
similar to that found with the reversible inhibitor 
eserine. However, if TEPP is incubated with sheep 



Fig. 3. Rate of inhibition of cholinesterase by 9xl0~®ai- 
diethyl p-chlorophenyl phosphate after leaving in buffer 
solution at room temperature. Time in buffer shown 
against each curve. 

red cells for 30 min., the cells centrifuged and the 
supernatant added to fresh red cells, the cholin- 
esterase activity of these red cells is not inhibited; 
therefore, there is no TEPP remaining in solution 
and this is presumably due to its enzymic hydrolysis. 

It is proved, therefore, that ovu’ sample of diethyl 
p-chlorophenyl phosphate contains as an impurity 
an active cholinesterase inhibitor which is com- 
pletely inactivated within 3 days at room tempera- 
ture in bicarbonate buffer and which is inacti- 
vated by sheep red cells at low concentrations in 
20-30 min. ; this substance is in all probability 
TEPP, since the addition of TEPP to diethyl p- 
chlorophenyl phosphate from which the active 
inhibitor has been removed by preferential hydro- 
lysis, gives, on examination, the same kinetic 
picture as the original diethyl p-chlorophenyl 
phosphate. It has been shown that the inliibitor is 
reduced to a very low level by 40 Iir. If it is assumed 
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that the inactivation is kinetically of the first order 
and that it is reduced to 2 % of its original value, we 
obtam a first-order constant of l-Bx 10“^ (min.-i). 
A measured rate of hydrolysis of TEPP at room 
temperature inider similar conditions gave a 
value of 1-14 x 10~^ (min.-i). It is, therefore, very 



Fig. 4. Rate of inhibition of choh'nesterase by 2-7 x 10“®w- 
TEPP plus 3-97 X lO'^^M-purified diethyl p-chlorophenyl 
phosphate, at zero time and after 23 hr, in bicarbonate 
buffer at room temperature. 



Fig. 5. Rate of inhibition of cholinesterase by TEPP. 
Concentration of inhibitor shown against each curve. 


probable that the impurity present is TEPP and 
the amount of impurity will be expressed as TEPP 
(cf. Table 6). 

T/ie determination of concentration of TEPP in 
inhibitors. Aldridge (1950) has shown that the 
inhibition of red-cell cholinesterase by E 600 shows 
first-order kinetics and is bimolecular, i.e. 


„ 1 , 100 
b ’ 


( 1 ) 
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^ i-timo in GaUulalion of bimolccular rate constants. If an 

^-here K=bimolecular rate “ M.ibitor reacts bimokcularly ^itb an enzyme 

min., I=molar inbibitor concentration eauation (1) shows that with the concentration of 

centage residual activity. If the time is mam inhibitor (I) constant, a straight line will be ob- 

constant at 30 min. a plot of log 6 ^ log % residual activity is plotted 

inhibitor concentration, should give a • biat time, i.e. the system will show first-order 

This graphical method can be conveniently used o inhibitor concentration (I) is varied 

the determination of the concentration of ^ m- l^etic^s^ ^^idual activity as ordinates plotted 
hibitor from its inhibitory power asainst the product of time and concentration (fl ) ^ 

~ rj.1 nf TW.PP durine 


that the kinetics of the hydrolysis of TEPP 
the incubation period are also first order (cf. van 
Slyke, 1942, for a discussion of enzyme kinetics at 
low substrate concentrations), then a plot of log % 
residual activity against inhibitor concentration 
should give a straight line. This is found to be so 
(Fig. 6). 


pOUHUiS - X ^ 

the line cuts the ordinate has been determmed and 
shown to be 2-0 within experimental error. This is 
illustrated by Figs. 2 and 7 using our results on 

diethyl p-chlorophenyl phosphate. 

Examination of other inhibitors. Each inhibitor 
has been examined by the techmque previously 
described for diethyl p-chlorophenyl phosphate 



Fig. 0. Inhibition of sheep red cells by TBPP incubated 
for 30 win. at 37°. 

The amount of inliibition due to TEPP in our 
diethyl p-chlorophenyl phosphate may be readily 
determined by extrapolating the straight line 
portion of the curves (after 30 min.) hack to the 
ordinate. The amount below the origin will give a 
measure of the inliibition due to TEPP. This has 
been cheeked using the results obtained with our 
synthetic mixture of TEPP and purified diethyl 
p-clilorophonyl phosphate (Fig. 4). At zero time an 
extrapolation in this way shows that the line crosses 
the ordinate at 1’59 which from Fig. 6 is equivalent 
to 3-0 X 10 ~®m-TEPP; the amount added was 
2'7 X This method has been used toobtain an 

estimate of the amount of TEPP present in our 
inliihitors. Our main purpose has been to show that 
the amounts present are too small to be detected by 
analysis of the original inhibitor and could only be 
dotennined by a biochemical method. 



Fig. 7. Graph of all results for cholinesterase inhibition by 
purified diethyl p-chlorophenyl phosphate. Bimoleoular 
rate constant derived from slope of line is l-lxlO- 
(inin.~'^ I. mol.-'). 

(Fig. 3). Except for E 600 the presence of a similar 
active and unstable inhibitor has been shown. It 
has been assumed that this is TEPP, The concen- 
trations for 50 % inhibition (after 30 min. incuba- 
tion at 37°) for the original compound, and after it 
has been purified (by preferential hydrolysis), are 
calculated as previously described and are given in 
Table 4. 

The amount of impurity (expressed as TEPP) 
present in all (except phenyl (2)) of these samples of 
inhibitor is below 0-7 % ; this concentration would 
be undetectable by the methods of analysis. 

The inhibition of cholinesterase by all of the 
purified inhibitors given in Table 4 has been shown 
to give first-order kinetics and to be himolecular by 
the methods previously illustrated using diethyl 
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^7-chlorop]ienyl phosphate. Using these data, the 
bimolecular rate constants have been calculated and 
are given in Table 5. The value given for TEPP is 
one corrected for hydrolysis of TEPP during the 
experiment on the assmnption that this hydrolysis 
■will be first order and that the TEPP concentration 
is reduced to 95 % of its original value in 30 min, 

Also included in Table 6 are the first-order constants 
for aqueous hydrolysis at pH 7-6 and 37° in phos- 
phate buffer. 

Table 4. Ooncenirations for 50 % inhibition by 
unpurified and purified inhibitors and the con- 
centration of TEPP present as impurity 

(Samples purified by preferential hydrolysis of impnritj' 
for 3-4 days at room temperature in bicarbonate buffer. 

Concentrations of TEPP calculated as given in the text.) 

Conen. for 50 % inhibition 

(ii) Impurity 
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why this might be so until more inhibitors of this 
typejwith rate constants higher than 10^ (l.mol.-i 
min.-i) have been examined. It is of interest that 
Metcalf & Marsh (1949), in work on bee-brain 
cholmesterase, found E600 to be an outstanding 
inhibitor in a large series of compounds. 


Inhibitor 

e -A- 

Unpurified 

Purified 

(TEPP) 

(%) 

p-Cbloro- 

5'75 X 10~° 

2-10 X 10-1 

0-G8 

o-Chloro- 

2-24 X 10-= 

M xlO-i 

0 053 

p-Nitio-(E600) 

2-0 xl0-« 

2-01 X 10-8 



o-Nitro- 

4-58 X 10-^ 

1-48 X 10-« 

0-33 

m-Nitro- 

1-2 xl0-= 

3-0 xlO-8 

0-55 

Phenyl (1) 

1-35 X 10-* 

3-77 X 10-8 

0025 

Phenyl (2) 

2-35 X 10-’ 

3-77 X 10-8 

5-4 



The results in Table 0 indicate that the more 
stable the inhibitor the slower is its inhibitory 
action upon cholmesterase. These results have been 
plotted in Fig. 8 where the relation between stability 
of an inhibitor in buffer at physiological pH and 
temperatme and its mliibitory power is shown. 

TEPP and E 600 appear to be exceptional. This 
might be expected with TEPP, since it has a different 
chemical structme to the rest of the inhibitors. 
However, E600 appears to have a far higher in- 
hibitorj^ power than would be expected from its 
ra'te of hydrolysis. E 600 and diethyl o-nitrophenyl 
phosphate have roughly the same stability at 
pH 7-6 and 37°, but E600 is 70 times more efficient 
as an inhibitor. There is no point in speculating 


Fig. 8. Relationship between rate of hydrolysis in buffer at 
pH 7'6 and 37° and the bimolecular rate constant for the 
reaction of cholinesterase (ChE) with inhibitor. Com- 
pounds numbered as in Table 5. 

DISCUSSION 

Tire work described above began with an attempt to 
compare the rate of hydrolysis at pH 7-6 and 37° 
and the rate of reaction ■with cholinesterase of 
analogues of E 600. During the initial experiments 
it was formd that the reaction of all these analogues 
with cholinesterase had peculiar kinetics quite un- 
like E600. A further examination led to the idea 
that an unstable active inhibitor was present as an 
impurity. This -view had been substantiated. The 
impurity appeared to be the same in all of our com- 
pounds (based on rate of destruction in bicarbonate 
buffer) and therefore it is unlikely that it could have 


Table 5. Constants for rate of reaction of inhibitors vnth cholinesterase and for their hydrolysis in buffer 

(Since most of the compounds are very stable, the long time required for their complete hydrolysis made necessary the 
calculation of the non-enzymic hydrolysis constants from data involving incomplete hydrolyses. The proportion of the com- 
pound hydrolysed for the period during which the determinations were made is given m brackets. ChE - cholmesterase. 


Numbers of compounds refer to points in 

Pig. S.) 

Bate of reaction of 

Bate of hydrolysis of 
inhibitor in phosphate 



inhibitor with ChE 

buffer, pH 7-6, at 37° 

Inhibitor 

No. 

N(niin.-i i.mol.-’) 

K (min.-i) 

p-Chloro- 

o-Chloro- 

p-Nitro-(E 600) 

o-Nitro- 

ni-Kitro- 

Phenyl 

TEPP 

1 

2 

3 

4 

1- 1 X 108 

2- 1 X 10= 

1-1 X 10= 

1-6 X 101 

7-2 X 10-8 (4-2%) 

2- 3 X 10-' (7-9%) 

3- 9 X 10-8 (65%) 

5-6 X 10-8 (78%) 

6 

6 

7 

7-7 X 108 

6-1 

3-3 X 10= 

1-4 X 10-8 (45%) 
1-6x10-8 (2-9%) 

6 - 0 x 10-8 ( 100 %) 
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■been an impurity common to all the substituted 
phenols used in the synthesis of the compounds. Ah 
the analogues are derivatives of diethyl phosphoric 
acid and this suggested that tetraethyl pyrophos- 
phate might be the impurity. The following evidence 
confirms this view: (1) reasonable agreement 
between the rate of hydrolysis of TBPP and the rate 
of disappearance of impurity in bicarbonate buffer; 
(2) sheep red cells remove TEPP in the same time 
(25-30 min.) as that taken to remove the impurity ; 
and (3) a model system in which TEPP was added 
to the purified diethyl p-chlorophenyl phosphate 
produced the same Idnetic picture as that of the 
unpurified inhibitor. 

After pmification by leaving a solution of the 
compound in bicarbonate buffer at room tempera- 
tme for 2-3 days, the kinetics of the rate of reaction 
of these inhibitors with cholinesterase was re- 
examined. They all now followed first-order 
kinetics at any given inhibitor concentration and by 
the usual tests the reactions wore bimolecular. The 
bimolecular rate constants for these reactions have 
been determined and have been shown in general to 
run parallel to the rate of hydrolysis of the inhibitors 
in water. The more unstable the compound, the 
more active it is as an inhibitor. This is evidence 
in favour of the view that hydrolysis is a part of 
the inhibitory process. The mechanism originally 
suggested (Aldridge, 1950), 


its active centres. On tliis assumption, therefore, 
the concentration of inhibitor will be sensibly 
constant throughout the reaction, and first-order 
kinetics can be expected. The frequency of a fruitful 
collision of inhibitor and active centre (i.e. a collision 
which leads to irreversible inhibition of the active 
centre) will be dependent upon the number of 
available active centres, and since these will be 
continuously depleted by the reaction itself, an 
exponential reaction rate will result. 

EinaUy, a consideration of the conditions which 
enabled us to detect the impurity in our compounds 
will illustrate some of the possible sources of error to 
be considered when a value for the inhibitory power 
of these compounds determined. The detection of 
the impurity depended on its instability and hydro- 
lysis by enzymes present in our preparation' of 
cholinesterase. In fact, if we had been able to use a 
pure preparation of cholinesterase we should have 
obtained the expected kinetics. These would have 
been attributed to the particular inhibitor being 
examined, though in fact they were really those of 
the active impurity. Since they have activities of 
the same order TEPP cannot be detected in E600. 
Only high concentrations of TBPP would have 
altered the kinetics obtained with E600 and this 
could have been detected by the normal methods of 
chemical analysis. A stable inhibitor present as an 
impmity could not be detected. For instance we 


E + I ^ (EI)^ -»• (Ey + Products 

Enzyme Inhibitor Reversible enzyme Irreversibly 

inhibitor complex inhibited enzyme 


is the same as that of the Michaelis-Menten equation 
for the enzyme-substrate system, 

E + S^ ES -^E + Products. 


The two processes of inhibition and hydrolysis of 
substrate arc probably analogous. The enzyme may 
form a complex with the mliibitor, activate it and 
the inhibitor is then hydrolysed. In the case of the 
inhibitor the active centre is blocked by the re- 
tention of one of the products of hydrolysis. The 
final proof of this hypothesis could only come with a 
sufficiently pure and concentrated preparation of 
cholinesloraso, so that the products of this reaction 
could bo produced in quantities great enough to be 
dotomuned chemically. 

Intact red colls have been used and therefore the 
cholinesterase is not in solution and the system is 
obviously a heterogeneous one. Tliis reaction of 
inhibitor and enzyme differs from most other surface 
reactions m tho important respect that the active 
snrfnco is itself being inactivated. It is probable 
that fiio concentration of oven tbo most powerful 
mliib.tor (10-*M EOOO) is considerably in excess of 
bo concentration of enzyme considered in terms of 


could not trace by these methods E 600 in the diethyl 
o- and p-nitrophenyl phosphates. This possibility 
can be minimized by using substituted phenols of 
high purity in the preparation of the inhibitors. 
These results suggest the need for care in com- 
paring the activity of inhibitors when concentra- 
tions of impurities undetectable by ordinary 
chemical means may produce large changes in a 
biochemical system. The value of a complete study 
of the kinetics of the reaction between enz 5 rmes and 
inhibitors is illustrated. 


ouiMiViiUty 

1. ^ Kinetics of inhibition of sheep red-cell 
cholinesterase by six substituted diethyl phenyl 
phosphate inhibitors have been examined and 
shown to be first order and bimolecular. 

2. the inhibitors examined contained as an 
m^mity a small amount of an active and unstable 
inhibitor of cholinesterase. This is in all probability 
tetraethyl pyrophosphate. A simple method of 
purification IS given and the methods used to detect 
Md determine tetraethyl pyrophosphate are given 
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3. A relation between the stability of the in- 
hibitors to aqueous hydrolysis at physiological pH 
and temperature and their power as Lnhihitors of 
cholinesterase has been found. The more stable the 
inhibitor, the lower its inlhbitory power. 

4. The mechanism of inhibition of cholinesterase 
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by these compounds is discussed in relation to the 
above facts. 

Our thanks are due to Mr B. Topley, Messrs Albright and 
Wilson Ltd., for providing us with the samples of all the 
inhibitors used in this work, and to Miss J. I. Wheatley for 
valuable technical assistance. 
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The Metabolism of Aminophenols, o-Formamidophenol, Benzoxazole, 
2-Methyl- and 2-Phenyl-benzoxazoles and Benzoxazolone in the Rabbit 


By H. G. bray, R. C. CLOWES and W. V. THORPE 
Department of Physiology, Medical School, University of Birmingham 


{Received 28 August 1951) 


In this investigation some aspects of the metabolism 
of 0 -, m- and p-aminophenols, o-formamidophenol 
(H), benzoxazole (III), 2-methylbenzoxazole (IV), 
2-phenylbenzoxazole (V), and benzoxazolone (VI) 
have been examined. The compounds (II) to (VI) 


benzoxazolone, which Grossly & Nencki (1890, 
1891) showed to be hydroxylated in the dog. 

In this study we have attempted to draw up 
balance sheets for these compounds and to isolate 
their principal metabolites. Minor metabolites 



can be regarded as derivatives of o-aminophenol 
(I), which might be formed from them on hydrolysis. 
Tliese compounds may, therefore, be considered as 
having potential centres for conjugation (see Bray, 
Ryman & Thorpe, 1948; Thorpe, 1950). Williams 
(1938, 1943) and Smith & Williams (1949) foimd 
that the rabbit excretes the aminophenols mainly as 
0-conjugates, i.e. ethereal sulphates and glucuro- 
nides. The only other compmmd of this group which 
appears to have been investigated previously is 


were detected by means of paper chromatography. 
The results obtained show the influence of sub- 
stituents upon the stability of the oxazole ring. 

EXPERIiMENTAL 

Materials. The aminophenols were purchased (British 
Drug Houses Ltd. and Light and Co.). o-Eormamidophenol 
was prepared by the action of acetic and formic acids on 
o-aminophenol (Behai, 1900), benzoxazole and its 2-methyl 
and 2-phenyl derivatives by dry distillation of o-ammo- 
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phenol with formamide, acetamide and henzamide re- 
spectively (cf. Bamberger, 1903), benzoxazolone by tbe 
method of McDonald & Chechak (1948), o-hydroxyphenyl- 
urea by the method of Menschutkin (1870) and o-amino- 
phenyl sulphate by the method of Burkhardt & Wood (1929) . 
2;4-Dihydroxyhenzamide (m.p. 227-228°) was prepared 
from 2;4-dihydroxybenzoic acid (British Drug Houses Ltd.) 
by heating the methyl ester with NHg in a sealed tube. 

Diet and dosage. The rabbits used (does of 2-3 kg. weight) 
were maintained throughout the investigation on the diet of 
rabbit pellets and water customary in this laboratory (Bray, 
Ryman & Thorpe, 1947). The compounds studied were 
administered by stomach tube as suspensions or emulsions in 
water in doses of 1 g. Some rabbits exhibited a mild paralysis 
of short duration after receiving o- and p-aminophenol and 
benzoxazolone. Administration of benzoxazolone was often 
followed by the excretion of amounts of reducing material 
far in excess of that which could be formed as metabolites of 
the compounds given. This was also observed, but less 
frequently, after giving o-aminophenol. Similar excretion of 
reducing material has been observed with other compounds 
(see Bray, Hyba & Thorpe, 1951). No toxic symptoms were 
observed with the other compounds administered. 

Methods. None of the compounds studied had any specific 
property suitable for quantitative estimation of the indi- 
vidual compound. Ethereal sulphate was determined by the 
method of Folin (1905-6), glucuronic acid by a modification 
of that of Hanson, Mills & Williams ( 1944), ether glucuronide 
by the reducing value method (Bray, Neale & Thorpe, 1946; 
Bray, Lake, Neale, Thorpe & Wood, 1948) , ether-soluble acid 
ns described by Bray, Thorpe & Wood (1951) but using 
bromothymol blue as indicator, diazotizable compounds by 
the method of Bratton & Marshall (1939), amino compoimds 
by the Ehrlich reaction (Venkataraman, Venkataraman & 
Lewis, 1948; Bray, Thorpe & Wood, 1951), phenols by tbe 


Folin & Ciocalteu reaction (Bray, Thorpe & White, 1950b), 
and mercapturic acids by a modification of the method of 
Stekol (1936). The Hilger Spekker photo-ahsorptiometer 
was used for colorimetric estimations. 

Urine extracts were examined by paper chromatography 
as described by Bray, Thorpe &MTiite (1950a). The solvent 
mixtures and the Rp values of the reference compounds 
used are given in Table 1. 

Calculation of results. The chief compounds which might 
be expected to be present in urine after administration of 
o-,m- orp-aminophenolare:theunchangedaminophenol, A : 
the acetamidophenol, B; the aminophenylsulphate, C; 
the acetamidophenylsulphate, D; the aminophenylglucu- 
ronide, E, and the acetamidophenylglucuronide, F. The 
free aminophenols give no appreciable colour when diazo- 
tized and coupled under the Bratton & Marshall (1939) 
conditions, but they can be estimated by the modified 
Ehrlich method. o-Aminophenylsulphate, while stable in 
k-HCI in the cold, is decomposed giving sulphate ions on 
addition of the nitrite for diazotization and gives no colour 
with the Bratton & Marshall reagent. p-Aminophenyl 
sulphate is more stable and can be diazotized and coupled 
withoutlosingsulphate (Burkhardt & Wood, 1929). Heating 
the urine in a boiling-water bath with HCl (0-2 vol. 2 n) for 
30 min. (mild hydrolysis) was found to elFect the hydrolysis 
of the acetamide and sulphate groups, but was not sufiScient 
to liberate glucuronic acid (i.e. these rvere the conditions 
which gave maximum diazo values). Hydrolysis of glucu- 
ronide was only achieved by heating in a boiling-water 
bath with HCl (0’33 vol. IOn) for 90 min. (complete hydro- 
lysis of conjugates). By carrying out determinations upon 
the urine as collected, and after mild or complete hydrolysis 
the following data were obtained from which the amounts of 
the compounds A-F present could be calculated. Diazo 
determination on urine as collected, E or C+E (according 


Table 1. Paper chromatography of various phenolic compounds 

0-88o’'l6Ta!l A, a-butanol, 40; pyridine, 20; saturated aqueous NaCl, 25; ammonia, sp.gr. 

0 880 15 (all /o v/v) B, benzene saturated with formic acid (98-99%); C, benzene, 40; glacial acetic acid, 40; water 20- 
D, chloroform, 40; glacial acetic acid, 40; water, 20. Time 4 hr., except for mLxture B, 16 hr.) ’ ’ 


Rp value in solvent mixture 


Compound 

o-Aminophenolt 

m-Aminophenolt 

p-Aminophcnol-j- 

o-Formamidophonol 

o-Acetamidophenol 

o-Bcnzamidophcnol 

ja-Acotamidophenol 

p- Acetamidophenol 

m -Hydroxy benzoic acid 

p-Hydroxybenzoio acid 

p-Hydroxyphenylacetic acid 

o-Hydroxyphenylurea 

Hydro.rybcnzoxazolonej: 

2-(3-Hydroxj-phcnyl)-benzoxazolot 


0-8 

0-75 

0-75 

0-7 

0-75 

0-9 

0-8 

0-9 

01 

0-05 

01 

0-65 

0-6 

0-9 

0-65 


0 

0 

0 

0-5 

0-75 

0-95 

01 

0-85 

0-2 

0-2 

0-15 

015 

0-1 

0-95 

0-15 


0-05 

0-04 

0-02 

0-7 

0-8 

0-9 

0-30 

0-25 

0-7 

0-6 

0-4 

0-2 

0-3 

0-18 


D 

0-45 

0-40 

0- 40 

1 - 0 
1-0 
1-0 

0-9 

0-9 

0-9 

0-9 

0-9 

0-95 

0-75 


* See Bray ei al. (i950a). 
t These compoun^ reduce ammoniacal AeNO 
I These compounds were isolated from urine. 


Colour given by 
diazotized 
p-nitraniline* 

Olive green 

Red-brown 

Dark broun 

Violet 

Violet 

Violet 

Purple 

Blue 

Crimson 

Crimson 

Violet 

Mauve 

Blue-green 

Purple 

Purple 

Purple 
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to stability of the aminophenylsulphate). Diazo deter- 
mination on urine after mild hydrolysis, E+F. Ehrlich 
determination on urine as collected, A+C+E. Ehrlich 
determination on urine after complete hydrolysis, 

A+B^-G+D+EaF. 

Ethereal sulphate determination, G+E. Glucuronic acid 
determination (naphthoresorcinol), E-^-F. It can be seen 
from Table 2 that glucm-onide results are in reasonable 
agreement with those found by diazo determination on the 
urine after mild hydrolysis. The relative proportions of E 
and F were determined by diazo estimations, before and 


60 mg. (using 2-(3-hydroxyphenyl).benzoxazole as 
standard) or 17-41 mg. (using hydroxybenz- 
oxazolone as standard), conjugated, 39-97 mg. 
(calculated as hydroxybenzoxazolone) ; mercapturie 
acid, 4-22 mg. (calciilated as mercapturie acid of 
benzoxazolone). The average percentages by which 
individual daily normal values differed from the 
weekly average values used for baselines in calcula- 
tion of final results were ± 14, +10, +10, ±11, 
+ 29 or 37, + 18 and + 65 respectively. 


after hydrolysis, on the glucuronide fraction of the pooled 
urmes of ten rahhits obtained by the usual lead procedure 
(cf. Bray et al. 1947). Any significant difierence (such 
differences were only obtained when henzoxazoles were 
administered) between the E+F value estimated by diazo- 
tization and by the naphthoresorcinol method would 
suggest the existence of a glucuronide in which there is no 
diazotizable amino group, e.g. that of a hydroxylated 
benzoxazole. Even if the oxazole ring of such a compound 


Metabolism of o-, m- and 'p-aminopJienols 

Quantitative. The results of determinations on 
urines excreted by rabbits which had received o-, 
m-, or yj-aminophenol are summarized in Table 2, 
From these values the amounts of the different 
metabolites excreted have been calculated and are 
given in Table 3. The following illustrates the 


was ruptured during hydrolysis the resulting dihydroxy- 
aniline would not he expected to diazotize and couple, since 
the hherated amino group would be in a position ortho to 
hydroxyl. 

RESULTS 

Excretion of normal metabolites. The average daily 
excretion of various metabolites by individual 
rabbits ranged as follows: ethereal sulphate, 26- 
41 mg. SO3 ; reducing material, unhydrolysed, 176- 
210 mg., hydrolysed, 305-480 mg. (calculated as 
glucuronic acid) ; ether-soluble acid, 604-900 mg. 
(calculated as hippmric acid); phenols, free, 25- 


method of calculation for o-aminophenol. From 
diazo estimation on urine as collected E = 53%. 
Hence, since JS+F=65%, F=12%. Calculation 
from the ratio free : acetylated glucuronide (3-8:1) 
gives 51 and 14 %. Values taken for E and F were, 
therefore, 52 and 13% respectively. 0+D=15% 
and from chromatographic estimation (Table 3) 
A = 1 1 %. Hence, since 

A + B + C+D+E+F=95%, B = 4.%. 

Since o-aminophenylglucuronide gives only 65% 
and o-aminophenylsulphate only 33 % of the colour 


Table 2. Results of quantitative analysis of urines from rabbits dosed with o-, m- and p-aminophenols 
(Results are expressed as average percentage of the dose; ranges in parentheses. Superior figures against ranges indicate 
the number of experiments. Dose 1 g. throughout.) 

Method of estimation o-Aminophenol ju-Aminophenol p-Aminophenol 

Diazo* on urine as collected (£■ or C+^!) . fia mfcfino 61^5^65)“ 

Diazo* on urine after mild hydrolysis {E +F) 65 (6^68) 64 (6^ ) | 61 _ 96)8 

95 SGllOr 98 (W 104 (85-ips 

, , . , ™ 0 e| cc-es!^ 

Ratio of free to acetylated glucuronide in glucuronide fraction of 88.1 o • 

urine {E:F) 

the colour intensity of the corresj^onding ammophenol. j j the naphthoresorcinol reagent, 

amounts of reducing materia^ (see p. 75). 

Table 3. Amoults of metabolites excreted by rabbits after administration of aminophenols 
nf dose and are calculated from data of Table 2 except for values m 


53 (37-60)" 
65 (60-68)5 
50 (41-70)" 
95 (86-108)" 
16 (13-17)“ 
70 (62-77)=! 
3-8:1 


59 (54-63)5 
64 (62-67)5 
58 (66-61)5 
98 (85-118)5 
15 (14-15)= 

60 (58-61)= 
10 - 8:1 


53 (45-65)5 

61 (55-65)5 
79 (61-96)5 

104 (85-125)5 
12 (10-13)= 

62 (60-63)= 
2 - 8:1 


(Results are expressed as average percentages of the dose and are calcMated from 
parentheses which were obtained by paper chromatography. Dose I g. roug ou .) 

)n t _ T- - a minnnlienol TTZ-AmiUO 


j Metabolite 

Unchanged aminophenol 

Acetamidophenol 

Aminophenylsulphate 

Acetamidophenylsulphate 

Aminophenylglucuronide 

Acetamidc^phenylglucuronide 


o-Aminophenol w-Aminophenol p-Aminophenol 


(11) 

0(0) 

(2) 

4 (2) 

19 (12) 

25 (13) 

15 

0 

8 

0 

15 

4 

52 

59 

45 

13 

5 

16 
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intensity of o-aminophenol in the Ehrlich, method, 
the determination on urine as collected really gives 
A + 0-33C + 0-65E. Hence 

11 + 0-33C/ + 0-65X 52 = 50 
and 0=15% and D = 0. For p-aminophenol, G can 
be obtained from C + E=53, assuming that the 
intensity of colour given by p-aminophenylsulphate 
in the diazo method is the same as that given by 
p-aminophenylglucuronide. The intensity of colour 
in the Ehrlich method for m-aminophenylglucu- 
ronide is the same as that for - m-aminophenol, 
hence both A and 0 = 0. 

The presence of aminophenol and acetamido- 
phenol in ether extracts of the urines was detected 
by two-dimensional paper chromatograms -using 
solvent mixture A followed by solvent mixture B 
(Table 1). Approximate estimations of the amovmts 
present were made from one -dimensional chromato- 
grams using solvent mixtures A ( 0 - and p-amino- 
phenol), B (m-acetamidophenol) and 0 (o- and p- 
acetamidophenol). The results are given in paren- 
theses in Table 3. 

Isolation of metabolites. The urines as collected 
(pH 7-8) were extracted -with ether for 24 hr. in a 
continuous extractor. The following were isolated 
and characterized: o-aminophenol, m.p. 173® 
(7-5% of dose), from o-aminophenol urine; m- 
acetamidophenol, m.p. 148° (6 % of dose),' from m- 
aminophenol urine and p-acetamidophenol, m.p. 
168° (4% of dose), from p-aminophenol urine. The 
amounts isolated provide confirmation of the 
relative amounts of free and acetylated phenols 
found by quantitative methods (Table 3). 

Cr 3 ' 8 tallino glucuronides were isolated from the 
urines by moans of the usual lead procedure (cf. 
Bray ct al. 1947). Tlieir properties, given in Table 4, 
were essentially in agreement with those recorded 
by Williams (1943). The o-aminophenylglucuronide 
wliich wo isolated appeared to be anhydrous. 
(Found; C, 60'1; H, 5-7; N, 5-0, 4-6; equiv. 265. 
Calc, for CijHjsOjN: C, 50-5; H, 5-3; H, 4-9%; 
equiv. 285.) 


Metabolism of oformarnidoplicnol 

Metabolites which might be expected to be ex- 
creted after administration of o-formamidophenol 
are o-formamidophenylsulphate and o-formamido- 
phenylglucuronide, together with the imchanged 
compound and the metabolites of o-aminophenol 
described in the previous section. The quantitative 
methods used for aminophenol urines were applied 
and the results are summarized in Table 5. o-Porm- 
amidophenol neither diazotizes and couples nor 
reacts with the Ehrlich reagent, but it forms o- 
aminophenol on mild hydrolysis. The methods do not 
permit differentiation between the formamido and 
acetamido compoimds. With this lunitation the 
amounts of the various metabolites excreted have 
been calculated and are given in Table 6. 

o-Aminophenol, o-formamidophenol and o-acet- 
amidophenol were detected in ether extracts of the 
-urine by two-dimensional paper chromatography 
using solvent mixtures A and B (Table 1). Approxi- 
mate estimations indicated an amount of o-amino- 
phenol corresponding to 2 % of the dose and of 0 - 
acetamidophenol to 1 %. Owing to the difficulty of 
finding a solvent mixture which separated it clearly 
from the phenols present in normal urine the amount 
of o-formamidophenol could only be assessed as 
between 5 and 10 % of the dose. 

Isolation of metabolites. The urine as collected 
(pH 7-8) from rabbits which had been given 0 - 
formamidophenol was continuously extracted with 
ether. The only metabolite isolated from the extract 
was o-formamidophenol. Yield 2-5 % of the dose. 
o-Ammophenylglucuronide was isolated from the 
urine by the usual lead procedure. Yield 8 % of dose. 

Metabolism of benzoxazole 

If the metabolism of benzoxazole in the rabbit 
involves rupture of the oxazole ring, 0 -formamido - 
phenol and o-aminophenol are likely fission pro- 
ducts. The urines from rabbits which had received 
benzoxazole were, therefore, treated lilre the 


Table 4. 


Properties of the glucuronides isolated from urine of rabbits after administration of aminophcnols 

o-Aminophenyl- 
giucuronide. 

Colourless 
elongated 
platelets 

Blackens from 
230°* 

-87°. at 20° 

4-8 
205 
24 


Crystalline form 
Molting point 

[a]fl in water (c, 0-5) 

XTo (calc. 4-9) 

Equiv. by titration (calc. 2S5) 
liicld(%ofdoso) 


w-Aminophenyl- 

gluouronide. 

Colourless 

leaflets 

Blackens from 
220 ° 

- 100° at 21-5° 
4-6 
290 
6 


p-Aminophenyl- 

glucuronide. 

Colourless 

needles 

218° (decomp.)-j- 
-93° at 21° 


-93 

5-1 

293 

18 


* hilliams (1943) gives ‘blackened without melting on heatiniT to 300°’ 

q cc.mcn kmdly provided by Prof. Williams showed idenS bfhaviour nV o™ glucuronide with 

a luratusiwmcly, no tnic melting but blackening starting about ’30° two specimens in the melting-poi 


t « .«»» ,i„3, ., 3 . AS" ■* 
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Table 5. Results of quantitative analysis of urines from rabbits dosed- with o-formafnidophenol, 

benzoxdzolc and ^-methylhcnzozazole 


Method of estimation o-Pormamidophenol Benzoxazole 2-Methylbenzoxazole , 

Biazo on urine as collected 54 (39_62)6 37 (31-47)’i> 7 

Diazo* on urine after mild hydrolysis 74 (68-77)' 50 42-56 ' 35 

Ehr loht on urine as collected 39 (35-44)' 25 14-39)i« 7 3-^8 

Ehrlicht on urine after complete hydrolysis 107 (90-131)' 98 (87-132)' 99 83-112)8 

Ethereal sulphate 16= 16 14-19)' 16 ltl7)= 

Glucuronic acid 60 (57-63)= 64 52-83 ' 67 5&-76 ' 

Ratio of free to acetylated glucuronide 2:1 2-3:1 ' i -d-^n 


Benzoxazole 
37 (31-47)’8 
50 (42-56)8 
25 (14-39)18 
98 (87-132)' 
16 (14-19)' 
64 (52-83)' 
2-3:1 


* o-Aminophenylglucuronide used as standard. t o-Aminophenol used as standard. 


2-Methylbenzoxazole , 
7 (5-10)8 
35 (26-42)8 
, 7 (3-8)8 
99 (83-112)8 
16 (15-17)= 

67 (55-76)' 
l;4-25 


Table 6. Amounts of metabolites excreted by rabbits after administration of o-formamidophenol, 

benzoxazole and 2-methylbenzoxazole 

(Results are expressed as average percentages of the dose and are calculated from data of Table 5, except for the values 
in parentheses, obtained by paper chromatography. Dose 1 g. throughout.) 


Metabolite 

o-Formamidophenol 

Benzoxazole 

2-Methylbenzoxazole 

o-Aminophenol 

(2) 

(1) 

(1) 

o-Formamidophenol ) 
o-Acetamidophenol ) 

g((5-10) 

,7 1 (5-10) 

^M{2) 

16i(0) 

^ ((6) 

0 - Aminopbenylsulpbate 

9 

3 

3 

o-F ormamidophenylsulpliate and/or 

7 

13 

13 

o-acetamidophenylsulphate 

o-Aminophenylglucuronide 

62 

36 

7 

o-Formamidophenylglucuronide and/or 

22 

14 

28 

o-aoetamidoplienylgluouronide 
Hydroxylated benzo.vazoleJf 


14 

32 

Hj'droxybenzoxazolone 

— 

4* (3) 

— 


* Unconjugated. Found by isolation. This value is additional to the total (98%) found by the Ehrlich method, 
t This value is the difference between that obtained by the naphthoresorcinol and that by the diazo method. 


o-formamidophenol urines. The quantitative results 
are summarized in Table 5. The amounts of the 
various metabolites calculated from the.se are given 
in. Table 6. The difference between the glucuronide 
values determined by the two methods suggests 
that about 14 % of the dose is excreted as a glucu- 
ronide other than that of o-aminophenol. 

Benzoxazole yields o-aminophenol under the 
conditions for complete hydrolysis of conjugates, so 
that any imchanged benzoxazole excreted will he 
included in the estimation of the total amino com- 
poimds by the Ehrlich method on completely 
hydrolysed nrines. Since the characteristic smell of 
benzoxazole was not observed in any of the urines or 
fractions obtained from them it is probable that the 
amoimt of benzoxazole excreted, if any, is very 
small. There is also the possibility of oxidation of 
the benzoxazole molecule without rupture of 
the oxazole ring. This might give benzoxazolone, 
hydroxybenzoxazole or hydroxybenzoxazolone. Of 
these only hydroxybenzoxazole would he likely to 
he estimated along with the total amino compoimds 
(Ehrlich method) and would account for the glucu- 
ronide value by the naphthoresorcinol method 
being larger than the diazo value after mild hydro- 
lysis. Benzoxazolone is not broken down under the 


conditions of hydrolysis. The phenolic compounds, 
if conjugated with sulphuric acid, would be included 
in the ethereal sulphate excreted. 

Two-dimensional paper chromatograms from 
ether extracts of the urines as collected revealed 
the presence of o-aminophenol, o-formamidophenol, 
o-acetamidophenol and a hydroxybenzoxazolone 
identical with that obtained as a metabolite of 
benzoxazolone (see below, p. 76). The approximate 
amounts present were 1, 5-10, 2 and 3 % of the dose 
respectively. 

Isolation of metabolites. The only metabolite 
isolated from ether extracts of unhydrolysed benz- 
oxazole urines was a hydroxybenzoxazolone which 
was obtained as a pale-brown powder, yield 4 % of 
dose, identical with the compound obtained from 
benzoxazolone mmes. (Found: N, 9'1. Calc, for 
C7H5O3N: N, 9-3 %.) o-Aminophenylglucuronide, 
identical with that obtained from o-aminophenol, 
was isolated from the urine by the usual lead 
procedure. (Yield 12 % of dose.) 

Metabolism of 2-methylbenzoxasole 

If the oxazole ring of 2-methyIbenzoxazole is 
broken in the rabbit as is that of benzoxazole, the 
metabolites expected would be o-acetamidophenol 



Method of 
estimation 
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and o-aminophenol and their conjugates. The results 
of the quantitative analysis of the urine from rahbits 
which had received 2-inethylb6nzoxazole are 
summarized in Table 6 and the amounts of the 
various metabolites calculated from these data are 
given in Table 6. 2-Methylbenzoxazole is hydro- 
lysed under the conditions for complete hydrolysis 
of conjugates. The difference between the glucuro- 
nide value and that for the diazo after mild hydro- 
lysis suggests that about 32% of the dose is 
excreted as a hydroxylated methylbenzoxazole. No 
evidence for the excretion of unchanged 2 -methyl- 
benzoxazole, which has a stronger smell than has 
benzoxazole, was obtained. 

Two-dimensional paper cliromatograms from 
ether extracts of the urines showed the presence of 
o-arainophenol and o-acetamidophenol in amounts 
of approximately 1 and 6 % of the dose respectively 
and a small amount of an unidentified metabolite. 

The unidentified metabolite reacted with Folio & 

Ciocalteu’s reagent and gave a purple spot on the 
chromatogram when treated with diazotized p- 
nitraniline. o-Hydroxyphenylurea, which has the 
same Ep in solvent mixtures A and B (Table 1), 
gives a mauve spot and has a different Rp in solvent 
mixture G. The difficulty of synthesizing hydroxy- 
mothylbenzoxazoles made it impracticable to 
compare such compounds with the unknown. 

Isolation of metabolites. The only metabolite iso- 
lated from ether extracts of unhydrolysed 2 -methyl- 
benzoxazole urine was o-acetamidophenol. Yield 
3 % of dose. No crystalline glucuronide could be 
isolated by the usual lead procedure. From hydro- 
lysed urine only o-aminophenol was isolated (16 % 
of dose). 


75 

were isolated. These gave a positive reaction with 
Folin & Ciocalteu’s reagent but no colour with 
ferric chloride. A further 120 mg. were obtained by 
extracting the residual urine with ether at pH 10 

Table 7. Results of quantitative analysis of urines 
from rabbits dosed xvith 2-plienylbenzoxazole and 
benzoxazolone 

(Results are expressed as average percentage of the dose; 
ranges in paTentheses. Superior figures indicate number of 
experiments. Dose 1 g. throughout.) 


Free pheriols 
Conjugated phenols 
Ether glucuronide 
Ethereal sulphate 
Ether-soluble acid 
Mercapturic acid 


2-Phenyl- 

benzoxazole 

2 (0-4)"-* 


Benzoxazolone 

2 (l-4)^t 

76 (68-86)®t 
28 (ll-43)'t 
22 (21-23)2 


48 (41-62)2 
102 

46 (39-55)8 

2 (0AP§ 2 {0-3)2§ 

* 2-(3-Hydroxyphenyl)-benzoxazole used as standard, 
t Hydroxybenzoxazolone used as standard, 
i Unreliable since benzoxazolone is a substance which 
causes excretion of large amounts of reducing material thus’ 
giving abnormally high baseline (see Bray, Hybs & Thorpe, 
1951). 

§ Probably not significant in view of variation in values 
in normal urine. 


(total yield 6% of dose). Some of the compound 
was boiled under reflux with lON-hydrochloric acid 
for 2 hr. The reaction mixture was neutralized and 
continuously extracted with ether. The extract was 
examined on two-dimensional paper chromato- 
grams using solvent mixture A and then B (Table 1 ) . 
Eesorcinol, m-hydroxybenzoic acid and o-amino- 
phenol were identified. This suggests that the com- 
pormd isolated was 2-{3-hydroxyphenyl)-benzoxazole 


Metabolism of 2-phcnylbcnzoxazole 

Preliminary experiments failed to reveal the 
presence of amino compounds (free or conjugated) 
in the urine excreted after administration of 2- 
phonylbonzoxazolo to rabbits. This compound is 
apparently notbroken down in the rabbit. The urines 
wore examined quantitatively for ether-soluble acid, 
pheirols, cthor-tjqjo glucuronide, ethereal sulphate 
and mercapturic acid. The results obtained are 
summarized in Table 7 . Paper chromatograms from 
ether extracts of the urines only revealed one 
phenolic compound in addition to those found in 
normal rabbit urine. This was the hydroxy-2-phenyl- 
bcnzoxnzolo described below-. The results suggest 
that this plionol is excreted free (2% of dose) and 
conjugatod with sulphuric (10%) and glucuronic 
(13*)o) acids. The glucuronide is other-soluble. 

Isolotion of metabolites. The pooled 24 hr. urines 
of eight rabbits which had each received 2-phenyl- 
benzox-nzolo (1 g.) wero adjusted to pH 7 and con- 
tinuously extracted with other for 48 hr. From the 
extract 400 mg. of colourless needles, m.p. 215-217°, 


(VII). (Found: C, 73-5; H, 4-1; N, 6-9. C13H9O2N 
requires C, 73-9; N, 4-3; N, 6-6 %.) 



The residual urine after the separation of the 
hydroxyphenylbenzoxazole was adjusted to pH 3 
and further extracted with ether. The extract was 
evaporated to drjmess and the residue recrystallized 
from water. Yield 1-3 g., colourless needles, m.p. 
202°, which gave a positive naphthoresorcinol 
reaction. The properties were consistent with those 
ex-pected of Z-{2-henzoxazolyl].phenyl glucuronide 
monohydrate. (Found; C, 55-8 ; H, 4-6; N, 3-9 
Equiv. by reduction, 385; by titration, ’ 407.' 
^toHi,OgN.H„0 requires C, 56-3; H, 4-7; N, 3-5%. 
Equiv. 405.) Acid hydrolysis gave resorcinol 
liydroxq^benzoie acid and o-aminophenol 
the free phenol. 


w- 
as with 
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Metabolism of bcnzoxazolone 

Tli^ compound is relatively stable to hydrolysis 
bj’^ acids, and the oxazolone ring is not broken under 
the conditions for complete hydrolysis of conju- 
gates. No evidence of its breakdown in vivo was ob- 
tained. Urines from rabbits dosed with benzox- 
azolone were examined quantitatively like those 
obtained after dosing with 2-phenylbenzoxazolo. 
The results are siunmarized in Table 7. Only one 
metabolite of bcnzoxazolone, a hydroxybenzox- 
azolone, was detected in ether extracts of the 
urine by means of paper cliromatography. The 
results suggest that this phenol is excreted free 
(2 % of dose) and conjugated with sulphuric acid 
(22 %) and glucuronic acid (53 %). The last figure is 
derived from the conjugated phenol value since 
direct determination of glucmonide is unreliable 
(see footnote to Table 7). 

Isolation of metabolites. Continuous extraction 
with ether of the urine as collected gave a brown 
pow'der which separated from the ethereal solution 
during the extraction. The same substance was ob- 
tained by extraction of acidified mine or urine which 
had been hydrolysed with acid. Yield, 2 g. from 8 g. 
of benzoxazolone. After crystallization from 50 % 
(v/v) aqueous ethanol it formed very small pale- 
brown plates, m.p. 297-298° (decomp, with previous 
blackening). (Grossly & Nencki, 1890, 1891, stated 
that the substance blackened at 265°.) The sub- 
stance gave a positive Folin & Ciocalteu reaction, a 
green colour with ferric chloride changing to brown, 
and a puiq)le precipitate with Millon’s reagent in the 
cold (unchanged on boiling). These properties are in 
agreement with those described by Grossly & Nencki 
(1890, 1891) for their hydroxybenzoxazolone. 

(Found: C, 55-9; H, 3-5; N, 9-4. Calc, for C7H5O3N: 
C, 55-6 ; H, 3-3 ; N, 9-3 %.) A glucuronide (yield 12 % 
of dose) was isolated from the urine by the usual 
lead procedure in the form of coloiuless needles, 
m.p. 193° (decomp.); [a]^°° — 79° in water (c, 0-5). 
(Foimd: C, 43-5; H, 4-5; N, 3-9. Equiv. by re- 
duction, 358; by titration, 336. C13H13O9N . 2H2O 
requires C, 43-0; H, 4-7; N, 3-9 %. Equiv. 363.) 

Hydrolysis of the hydroxybenzoxazolone by 
boiling with concentrated sulphmic acid for 3 hr. or 
heating in a sealed tube with ammonia (sp.gr. 
0-880) at 100° for 3 Iir. gave a solution which 
strongly reduced ammonia cal silver nitrate and gave 
positive Ehrlich and indophenol tests. (For con- 
ditions used for the latter see Thorpe, Williams & 
Shelswell, 1941.) The properties would be consistent 
with those of a diliydrox5'’aniline, but neither this 
compound nor a derivative could be separated for 
characterization. A positive indophenol reaction is 
usuallj’’ indicative of an — OH group in a position 
para to an — IS Ho group. This admittedlj’’ slender 
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evidence suggests that the —OH in hydroxy- 
benzoxazolone is in position 7 (ITU). 



H 

(VIII) 


An attempt at synthesis of compoimd V TTT from 
2:4-dihydroxybenzamide by treatment with sodimn 
hypochlorite (cf. preparation of benzoxazolone 
from salicylamide, Graebe & Rostovzoff, 1902; 
Thorpe & Williams, 1941) resulted in the isolation 
of colourless needles, m.p. 223-226°. (No blue- 
green spot characteristic of the hydroxybenzox- 
azole (Table 1) was detected on paper chromato- 
grams.) The compound gave a purple spot on paper 
cluomatograms and a crimson colom with FeClg and 
was identified as a cliloro-2:4:-dihydroxybenzamide. ' 
(Found: C, 44-3; H, 3-2; N, 7-5; a, 18-9. C^HeOaNa 
requires C, 44-8; H, 3-2; N, 7-5; Cl, 18-9%.) This 
amide was very resistant to hydrolysis by hot acid or 
alkali (sulphuric acid, 80 % (v/v) ; hydrochloric acid, 
IOn; phosphoric acid (anhydrous) at 150°; or 
sodium hydroxide, 40 %, w/v). The formation of an 
acid from the amide was, however, achieved by 
Bouveault’s (1893) method with nitrous acid 
although this involved nitration. The chloro-2:4- 
diliydroxynitrobenzoic acid formed pale-yellow 
needles, m.p. 242° (decomp.), and gave a blood-red 
colour with ferric chloride. (Found: N, 6-5; Cl, 
16-0. CjHtiOeNCl requires N, 6-0; Cl, 15-2%.) 
Attempts to prepare this acid by a similar route 
starting with 2:4-dihydroxybenzoic acid resulted in 
decarboxylation by the sodium hypochlorite. 

Treatment of the hydroxybenzoxazolone from 
mine with diazomethane gave a methoxybenzox- 
azolone, colomless plates, m.p. 106-107°. (Foimd: 
N, 8-6; OMe, 19-2. CgH703N requires N, 8-5; OMe, 
18-8%.) No hydroxymethoxyanUine could be 
isolated after hydrolysis of this compound. 

DISCUSSION 

The results obtained with the aminophenols are 
essentially in agreement with those reported by 
Williams (1938, 1943) and Smith & Williams (1949), 

In view, however, of some recent observations made 
in this laboratory upon the conjugation of phenols 
in the rabbit it is not to be expected that close 
agreement in quantitative results would be obtained. 

In that investigation (Bray & YTiite, 1951) it was 
shown that the percentage of a dose of phenol 
excreted as ethereal sulphate depends not only upon 
the available sulphate precursors in the diet and the 
dose level, but also upon the relation of the time at 
which the food was consumed to that of dosing. It is. 
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therefore, unlikely that results obtained in two 
laboratories will be strictly comparable unless the 
experimental conditions are very accurately re- 
produced. 

It is clear that in benzoxazole and 2-methyl- 
benzoxazole the oxazole ring may be regarded as a 
potential centre for conjugation, since the ring is 
Opened and metabolites including o-aminophenol 
are excreted. The results of quantitative analyses 
suggested the formation also of conjugatedhydroxy- 
lation products without rupture of the oxazole ring. 
This is in addition to the small amount of hydroxy- 
benzoxazolone which was isolated from the benz- 
oxazolo urine as an unconjugated metabolite and 
may have been formed by oxidation of a bydroxy- 
benzoxazole. 

The formation of o-formamidophenol and o- 
aminophenol from benzoxazole suggests that 
cleavage of the oxazole ring occurs at the C — O 
linkage. Omitting intermediate stages this could 
bo represented by: 


benzoxazoles 

SUMMARY 

1. The metabolism of o-, m- and p-aminophenol, 
o-formamidophenol, benzoxazole, 2-methyl- and 2- 
phenyl-benzoxazole and benzoxazolone in the rabbit 
has been studied. 

2. The 0 -, m- andp-aminophenols were excreted 
unchanged to the extent of 11, 0 and 2 % ; they were 
excreted conjugated with acetic acid 17, 39 and 
45 %, with sulphuric acid 15, 15 and 12 % and with 
glucuronic acid 65, 64 and 61 % of the dose re- 
spectively. The properties of the glucuronides 
isolated were not in complete agreement with those 
recorded in the literatru’e. 

3. o-Formamidophenol was excreted as o-amino- 
phenol to the extent of 2 % of the dose, unchanged 
7 %, acylated 37 %, conjugated with sulphuric acid 
16 %, and conjugated with glucuronic acid 74 %. 

4. Benzoxazole was excreted as o-aminophenol to 
the extent of 1 % of the dose, as acylated amino- 
phenol 44%, as aminophenol conjugated with 
sulphuric acid 16 %, and as aminophenol conjugated 



+H,0 






+H,0 
>■ 



-(-H.COOH 


The o-acatamidophenol detected was presumably 
formed by acetylation of the o-aminophenol. 
Attempts to differentiate quantitatively between 
o-fonnamidophonol and o-acetamidophenol in con- 
jugated form by determination of the formic and 
acetic acids in hydrolysed urines gave unsatis- 
factory results. It should, perhaps, be mentioned 
that o-formamidophenol was never detected in 
urines of rabbits which had been given either 
o-aminophonol or o-acetamidophenol. 

The intermediate expected from 2-methyl- 
bonzoxazolo would be o-acetamidophenol which was 
actually found in greater amount than from benz- 
oxazolo. No o-formamidophonol was detected. 

In 2-phouylbonzoxazole and benzoxazolone, how- 
ever, the oxazole ring is stable and no o-amino- 
pheuol is formed. A new centre for conjugation is 
formed by hydroxylation. The finding that a con- 
siderable percentage of a dose of 2-phenylbenz- 
oxnzolo or benzoxazolone is hydroxylated is not, 
(heroforo, unexpected. The position taken up by the 
now hydroxj'l group introduced is of interest. In 
2']5henylbcnzoxazole the phenyl group in position 2 
is hydroxylated, whereas in benzoxazolone hydroxy- 
Int ion can only occur in the benzene ring fused to the 
oxazole ring. It would appear that hydroxylation 
occurs more readily on the ring which is not fused to 
the oxazole ring, since no evidence of hydroxylation 
of the benzoxazole moiety of 2-phonylbenzoxazole 
was obtained. 


with glucmonic acid 50 %. About 14 % of the 
dose was excreted as undiazotizable glucuronide, 
i.e. hydroxylated without ruptrue of the oxazole 
ring. A hydroxybenzoxazolone (4% of dose) was 
isolated from urine. 

5. 2-Methylbenzoxazole was excreted as o- 
aminophenol to the extent of 1 % of the dose and as 
aminophenol conjugated with acetic acid 56 %, with 
sulphuric acid 16 % and with glucuronic acid 35 %. 
About 32% of the dose was excreted as undiazo- 
tizable glucuronide, i.e. hydroxylated without 
rupture of the oxazole ring. 

6. 2-Plienylbenzoxazole was excreted as free 
phenols to the extent of 2 %, and conjugated with 
sulphuric acid 10% and with glucuronic acid 48% 
of the dose. There was no evidence of fission of 
the oxazole ring. A metabolite believed to be 2- 
(3-hydroxyphenyl)-benzoxazole and its glucuronide 
were isolated. 

7. Benzoxazolone was excreted as free phenols 
to the extent of 2%, and conjugated with 
sidphuric acid 22 % and -with glucuronic acid 53 % 
of the dose. There was no evidence of fission of the 
oxazolone ring. A hydroxybenzoxazolone was 
isolated from urine and its constitution is discussed. 

8. Rj, values on paper chromatograms for the 
phenolic metabolites are recorded. 

The naphthoresoroinol glucuronic acid determinations 
were earned out by Jliss B. G. Humphris. The micro- 
analyses were earned out by Weiler and Strauss, Oxford. 
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Biochemistry of Organic Phosphorus Insecticides 

1 . THE ]MAjM]MALIAN IMETABOLISM OP BIS(DBIETHyLAi\nNO)PHOSPHONOUS 

ANHYDRIDE (SCHRADAN) 

By j. E. GARDINER and B. A. KILBY 
Department of Biochemistry, University of Leeds 


(Received 

Since the original discovery in 1940 of the high 
toxicity and powerful anti -cholinesterase activity of 
diaUryl fluorophosphonates (Adrian, Feldberg & 
Kilby, 1947), many related organic phosphorus com- 
poimds (such as tetraalkyl pjmophosphates, dialkyl 
p-nitrophenyl phosphates) have been shown to have 
similar properties. Certain of these compounds are 
now being manufactured for use as insecticides, in- 
cludingbis(dimethylamino)phosphonousanliydride, 
(NMe 2 ) 2 PO.O.PO(N]Me 2 ) 2 , which is distributed in 
this country under the trade name of ‘ Pestox HI 
and for which the trivial non-proprietary name of 
‘Schradan’ has been recommended, in recognition 
of the work of Gerhard Schrader who discovered it 
(Schrader, 1947, 1951). Schradan has imusual 
properties as an insecticide, in that it shows only 
weak contact insecticidal action and no fumigant 
effect, but is readily absorbed into plants through 
their roots or leaves when applied as an aqueous 
solution and is transported around the plant in the 
sap stream. The whole plant is rendered toxic for 
several weeks to insects, especially aphides, which 
may feed upon it (Ripper, Greenslade & Lickerish, 
1949). 


July 1951) 

AATiile the mode of action of organic phosphorus 
compoimds as insecticides is stiU imcertain, there 
does appear to be some correlation between high 
insecticidal action and high potency as inhibitors of 
insect cholinesterases in vitro (Metcalf & March, 
1949). Schradan is anomalous in that its inhibitory 
action on this enzyme is only about a millionth of 
that of some of the more potent phosphorus in- 
secticides; moreover, its inhibition of mammalian 
cholinesterases in vitro is of a similar lo%r order, but 
if injected into animals it leads to the development 
of symptoms simUar to those following administra- 
tion of well known anti-cholinesterase drugs and 
characteristic of acetylcholine poisoning, although 
the development of symptoms following Scliradan is 
rather slower and death may be delayed a few hours. 
Tliere appeared to be the possibility that this 
compound was being converted in the mammalian 
body into some much more powerful anti-cholin- 
esterase. A greater knowledge of the mammalian 
metabolism of Schradan is also desirable in view of 
the possible health hazards which might arise from 
the accidental consumption by man or animals of 
plants which had been treated with the insecticide 



79 


BIS(DniETHYLAMINO)PHOSPHONOUS ANHYDRIDE 
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and still contained appreciable ^ the preparation spun do^n to give a cake of cell remains. 

We have, therefore, investigated the mammalian prepa p ^ 

metabolism of Schradan using radioactive material, 
and a preliminary communication has been made 
(Gardiner &ICilby, 1950a). 


This was washed a further three times with water (2-3 1., 
once with buffer and finally suspended in buffer. When 
intended for use in manometry, the cell remains were sus- 
pended in 600 ml. of buffer containing O-loJi-NaCi, 0-04 m- 
MgCli 


of 


ISIATERIALS AND METHODS 

Bis(dimethylamino)phosphonous 

anhydride {Schradan) 

(a1 Non-raiioactive. This was prepared by the interaction 


amounts of bis(dimethylainino)obloro- 


, UUl./ A-kAAt '-'J- — ' 

and 0-025M-NaHC03 and saturated ivith 6% 
v.v,j-..o% N. gas mixture. For use in the colorimetric 
assay, the buffer (600 ml., pH 8-0)^ contained 429 ml. 
0-lM-sodium diethylbarbiturate and 171 ml. 0 -In-HCI, 
Manomeiric estimation of cholinesterase. The procedure 
was essentiaUy that of Ammon (1930), as modified by 
Nachmansohn (1945), in which the COj production was 
measured in Warburg manometers at 37^. The main com- 


phosphine oxide, (NMe2)2P0Cl, (I), with ethyl bis(dimethyl- partment of the cups contained the enzyme, inhibitor and 

^ - ... \ /TT\ Aa. ^ ... f- n t k. _ ‘J •» I i! »i. 


ammo)phosphite, (NMe2)2PO(OEt), (II), as previously de 
scribed (Gardiner & Kilby, 19506), but with the foUowmg 
modifications. Compound (I) was freed from traces of 
dimethylamine hydrochloride, NHMe^.HCl, by continuous 
extraction into petrol (b.p. 40-60'’) in which the hydro- 
chloride is insoluble. After removal of the petrol under 
reduced pressure, (I) was fractionated in vacuo. (I) and (II) 
were heated without solvent for 12-18 hr. at 145° to yield 
crude Schradan, (NMej)jPO.O.PO(NMe2)2, which was 
purified as described below. 

(6) Radioactive. “-POCI3 was synthesized and converted 
into labelled Schradan by the method described earlier 
(Gardiner & Kilby, 1950 6) except that the reaction between 
^POClj and dimethylamine, NHMea (4 mol.), was carried 
out in petrol (b.p. below 40°), the amine being generated 
from tho calculated amount of NHMej.HCl by aqueous 
KOH (40%, w/v), and carried in a stream of Nj through a 
drying tube of KOH pellets into the reaction vessel. When 
tho reaction was complete, the solution was filtered from 
tho precipitated NHMej.HCl, the solvent removed and the 
residual radioactive (I) heated overnight at 145° with an 
excess of non-radioactive (II). The product was purified as 
below. 

(c) Purification. The crude reaction mixture containing 
Schradan was dissolved in aqueous NaOH (0-5% w/v) to 
destroy unrcacted (I) and continuously extracted with 
benzene for 2 hr. to remove unreacted (II). The aqueous 
layer was separated and made more alkaline with NaOH 
(1 ml. 40% (w/v) for each 10 ml. of solution) and the 
Schradan was then continuously extracted into CHCI3. The 
residue, after removal of CHCI3, was fractionated; usually 
nothing distilled below 1 00°/0'005 mm. and the pure product 
(b.p. 102-4°/0 005 mm.) was collected into weighed am- 
poules, Scaled and rcwciglied. A stock solution of Schradan 
for radioactive assay and incubation studies was made by 
woigliing out the purified material into a dry graduated 
llnsk, adding water, adjusting the pH to 8-0 and storing 
in the cold room. 

Acetylcholinesterase 

I rejxiration. A suspension of human erythrocyte stroma 
w.as u.scd. Red cells were separated by centrifugation from 
a red cell concentrate kindly supplied by the Blood Trans- 
fusiou Sendco. Packed cells (1-5 1.) were washed three times 
with had (900 ml., 0-9%, w/v) and then haemolysed by 
suspension in water (7-5 1.), the pH (measured with a glass 
elect rode) being adjusted to 5-S-5-9 by the dropwise addition 
^ .4ft er standing overnight 


buffersolutionstoatotalvolumeofS ml. A suitable activity 
was usually given by 1 ml. of diluted (1 to 50) stock enzyme 
preparation. The side arm contained acetylcholine bromide 
(0-2 ml. of 0-1 M stock solution prepared by mixing acetyl- 
choline bromide (1-13 g.), 0-2M-acetate buffer (pH 4-5, 

5 ml.) and water to 50 ml.). The manometers were filled with 
95 % N2 and 5 % COj by an evacuation procedure (Umbreit, 
Burris & Stauffer, 1945). The inhibitor and enzyme were 
mixed for 90 min. before tipping in the substrate. The 
manometers were equilibrated for 15 min. Normally three 
readings with an interval of 10 min. were taken before 
tipping, and four readings afterwards at 10 min. intervals, 
and the rate of COj output calculated by the statistical 
procedure described by Aldridge, Berry & Davies (1949). 
When required, samples were taken from the flasks at the 
end for radioactive assay. 

Colorimetric estimation of cholinesterase. This was de- 
veloped from the colorimetric method for acetylcholine 
estimation described by Hestrin (1949), and consisted of 
measurement of the amount of acetylcholine remaining 
after the enzyme had been allowed to act for a fixed time. 
llTiile the method was not as accurate as the manometrio 
one, it was found to be very convenient for the rapid assay of 
samples. Reagents required were: Enzyme preparation: the 
stock enzyme preparation (1 ml.) was diluted with barbi- 
turate buffer (19 ml., pH 8-0). Hydroxylamine reagent :eqaa.\ 
volumes of 3-5>--NaOH and 2 M-NH 2 OH.HCI (Analar) were 
mixed not more than 3 hr. before use. Eerric chloride: 
0-37M-FeCl3.6H20 (Analar) in 0 -In-HC). Acetylcholine 
bromide: stock solution as described above (2 ml.) diluted 
with water (5 ml.). Hydrochloric acid: cone. HC] was 
diluted with about twice its volume of w'ater so that the 
mixture used for colour measurement had pH 1 JrO'2. 

Procedure. The assay was carried out in 6 x 1 in. boiling 
tubes which could he shaken mechanically in a water bath at 
37°. Into each of two tubes were placed 0-6 ml. enzyme 
solution and 0-3 ml. of water, buffer or appropriate blank 
solution. One tube was shaken at 37° for 30 min., and then 
0-1 ml. acetylcholine bromide solution added rapidly from 
an aU-glass syringe. After exactly 10 min. the enzymic 
reaction was stopped and the remaining acetylcholine 

fixed' by the addition of 2 ml. of hydroxylamine reagent. 
To the other tube were added 2-0 ml. of hydroxylamine 
reagent followed by 0-1 ml. of acetylcholine solution, in 
order to obtain a measure of the initial concentration of 
substrate. The two tubes were left at least 1 min. (or up to 
5 hr ) and then treated with 1 ml. HCl solution and 1 ml. 


..„„,naod i„ ,, h.d .s.to .pVio.,ZSe?i:Si7.n?Oo”';“" .“SS “ 
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spectrophotometer. The assay was done in duplicate and the 
mean difference in optical density between the two pairs of 
tubes was taken as a measure of the cholinesterase activity 
of the enzyme. When the potency of a cholinesterase in- 
hibitor solution was being measured, the procedure above 
was followed except that 0'6 ml. of enzyme and 0-3 ml. of 
inhibitor solution were used. It was shown that the colour 
difference was proportional to the amount of enzyme 
present. 

Radioactivity assay 

Most measurements were made on solutions using a Geiger- 
MuUer liquid counter of the type described by Veall (1948) 
and made by 20th Century Electronics Ltd. All assays were 
made using the ‘counter full’ conditions, and the concen- 
tration of active material in a sample estimated by com- 
parison of count with that of a solution of active Schradan of 
known molarity. After correction for background, the 
counting rate for a given solution was converted back to 
what it would have been at some arbitrary zero time. This 
time was chosen as that when the standard solution gave a 
convenient rate, e.g. 100 counts/min. for the counter filled 
with lO'^jr solution. 



Fig. 1. Inhibition of cholinesterases by Schradan. Whole 
rabbit blood cholinesterase: D, percentage inhibition; 
■ , probit. Human erythrocyte stroma cholinesterase: 
O, percentage inhibition; #, probit. pi is the negative 
log molar concentration of inhibitor. 

Some of the assays on blood were carried out by with- 
drawing 0-1 ml. blood with a blood pipette and absorbingon 
small disks of filter paper fitted into inverted standard 
nickel sample trays. The pipette was wsshed oat with 
0-1 ml. of saline. The disks were then counted under a 
General Electric Company T;^e 6.M. 4 end-window 
counter. The standard for comparison was 0-1 ml. of solution 
of known molarity assayed la the same manner. 
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RESULTS 

Inhibitory action of Schradan 
on cholinesterases 

The percentage inhibition of the cholinesterases in 
whole rabbit blood and in the human erythrocyte 
stroma preparation, following incubation for 
90 min. with different concentrations of pure 
Scliradan, was measured mmometnoaUy. Controls 
were made to correct for carbon dioxide produced by 
spontaneous hydrolysis of the substrate and, in the 
case of rabbit blood, by cell respiration. The per- 
centage mhibition/log concentration curves were of 
the usual S-type, and after the probit transformation 
(Finney, 1947) give linear regression lines (Fig. 1). 
Tire concentrations for 50% inhibition are given 
in Table 1. The low inliibitory action of Schradan 

Table 1. Inhibition of cholinesterases by Schradan 


Source of 
cholinesterase 

Whole rabbit blood 

Human erythrocyte stroma 

Bee brain (Metcalf & March, 1949) 


Conen. of Schradan 
for 50 % inhibition 

(M) 

2-6 X 10-= 

4-5 X 10-= 
>1-2x10-= 


compared w.ith the bigb potency of other compoimds 
which are sometimes present as impurities in 
ordinary samples of Schradan, necessitate a careful 
purification of the compoimd before assay. 

In vivo inhibition of rabbit blood cholinesterase 

A blood sample (5 ml.) was taken from a rabbit, 
either from an ear vein or by heart puncture. The 
animal was then given an intraperitoneal injection 
of radioactive Scliradan (60 mg./kg. in mammalian 
Ringer solution, this dose being approx. 6 x LD^o)- 
Blood samples (0-1 ml.) were subsequently with- 
drawn from the ear, initially every 5-10 min. and 
then at longer intervals until the death of the animal 
when a final blood sample of 5-10 mi. was taken 
from the heart. Death occurred 2-6 hr. after 
injection, and was preceded by the familiar 
symptoms of acetylcholine poisoning seen after the 
administration of anti-cbolinesterase drugs (ex- 
cessive salivation, fibrillary twitchings, defaecation, 
muscular wealmess and convulsions leading to 
death). 

Radioactive assays were made on the blood 
samples (end-window counter technique) and the 
apparent concentration of Scliradan present in the 
blood was calculated on the assumption that all the 
radioactivity observed was due to this compound ; 
results from two rabbits are sbowm in Fig. 2. The 
maximum concentration attained was not essenti- 
ally different from that observed at death. The 
cholinesterase activity of the blood at death was 
compared by the manometric method -n-ith that of 
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blood taken before injection, and results from a 
number of experiments are given in Table 2. The 
mean concentrations of Schradan necessary in vitro 
to produce the inhibition observed at death, as 



Fig. 2. Apparent concentration of Schradan in the blood 
of two rabbits following intraperitoneal injections of 
50 nig. radioactive Schradan/kg. (D, death of animal.) 


given by the curve in Fig. 1, have also been entered 
in Table 2. In some experiments, Schradan was 
added to blood withdrawn before injection at the 
same time as the rabbit was injected, and the 
mixture incubated at 37° until the animal died, 
enabling a comparison to be made of the in vivo and 
in vitro inhibition on the same blood (Table 3). 
A considerable enhancement of activity in vivo has 
occurred. 

In one experiment, a rabbit was injected with 
50 mg. /kg. radioactive Schradan and blood samples 
(1 ml.) were withdrawn at intervals until death. 
Radioassays and cholinesterase activity measure- 
ments by the manometric method were made on 
each sample. As the concentration of radioactive 
material in the blood increased, the cholinesterase 
activity fell, until at death (after 222 min.) the 
apparent Schradan concentration was 8-8 x 10“^M 
and the cholinesterase was 93 % inhibited. There was 
some doubt as to whether the injection had been 
intraperitoneal (as intended) or subcutaneous; 
injection by the latter route may account for 
symptoms developing rather more slowly than usual 
and death being delayed. 

Incubation of Schradan with liver slices 

The purpose of these experiments was to see if 
there was any evidence of an enhancement of the 
activity of Scliradan following incubation with liver 


Table 2. Cholinesterase^ inhibition and apparent Schradan concentration in post-mortem rabbit blood, 
following intraperitoneal dose of 50 mg.jkg. Results on six animals 


Inhibition of 
cholinesterase in 
post-mortem blood 
{%) 

98-0 

950 

93-0 

93-0 

89-0 

C8-0 


Apparent conen. of 
Schradan in blood 
by radioassay 
{ X 10"^ m) 

34-7 

50-4 

8-8 

7-5 

4-3 

1-7 


In vitro conen. of 
Schradan necessary 
to give observed 
inhibition 
(M) 

0-55 

0-40 

0-33 

0-33 

0-24 

0-074 


Enhancement 
of activity 
in vivo 

1600 

790 

3750 

4500 

5700 

4400 


Table 3. In vivo and in 


vitro inhibition of whole rabbit blood cholinesterase by Schradan. 
Results on two rabbits 


in vivu 


Results from post-mortem blood 
following dose of 50 mg./kg. 


Apparent conen. 

Apparent conen. of Schradan during Inhibition 
of Schradan by choUnestemse of 

estimation cholinesterase 

vmM; 

0-017 0-0029 


In vitro 

Schradan added to initial blood 


(%) 

GS 


0-013 


0-0071 


89 


IViocbcm. I!i52 


Conen. of 
Schradan during 
incubation 
(mn) 

110 

50 

0-375 

0- 75 

1- 50 


Conen. of 
Schradan during 
cholinesterase 
estimation 
(mu) 

44 

17-5 

0-125 

0-25 

0-50 


Inhibition 

of 

cholinesterase 

(%) 

50 

29 

5 

0 

2-0 


6 
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Enhancement of anti-ChoUnesterase activity of Schradan by incubation with 
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rabbitdiver slices 


Exp. 

no. 

A 1 


3 

4 

5 

6 

B 7 
S 
9 
10 

C 11 
12 

13 

14 

15 


(1 g./lO ml. medium for 3 hr.) 


Mixture assayed 

Supernatant from slices incubated in buffer solution 
(control for 2 and 3) 

Supernatant from slices incubated with Schradan 
(3-0 X lO'^M in buffer) 

Supernatant from slices incubated with Schradan 
(1‘45 X iO"®M in buffer) 

Buffer solution only (control for 5 and 6) 

Schradan (3'32 x lO^^si in buffer solution) 

Schradan (1*55 x 10~“M in buffer solution) 

As (1) above (control for 8) 

As (2) above, but Schradan 1-93 x 10 -=m 
B uffer solution only (control for 10) 

Schradan (1-93 x 10 ~“m in buffer) 

Supernatant from slices incubated with buffer (control) 
Supernatant from slices incubated with Schradan 
(final concn. 6-5 x 10~*M) buffer 
As 12, but Schradan added after incubation 
Supernatant from slices incubated with Schradan 

(2-8 X 10"‘iM) 

As 14, but Schradan added after incubation 


COj 

production 

(fil./min.) 

8- 25 

3- 47 

1- 89 

7-30 

7-21 

4- 98 

9- 05 

2- lS 

5- 62 

3- 35 

5-88 

3- 73 

5-52 

4- IS 

5- 43 


Esterase 

inhibition 

(%) 

67-9 

77-1 

1-2 

31-7 

76-3 

40’4 

36-6 

6-1 

29-4 

7-6 


slices. Babbit or rat liver was used, the animal being 
killed by a blow on the head, the liver removed and 
dropped into ice-cold mammalian Ringer solution, 
and subsequently sliced by hand and added to the 
appropriate medium at the rate of 1 g./lO ml. In 
later experiments the mixture was gently shaken 
and a stream of air blown over the surface while 
being incubated at 37°. After a suitable period the 
mixture w'as centrifuged and the supernatant fluid 
kept at 0° tmtil inhibitory activity measurements 
were made (usually within an hour). The hiiman 
erythrocyte preparation was used as a somce of 
cholinesterase in the assays unless otherwise stated. 

The results of three experiments using rabbit- 
liver slices from different animals are shown in 
Table 4. The slices were incubated for 3 hr. and 
1 ml. of centrifuged supernatant fluid assayed by 
the manometric method. The first two experiments 
were similar in their design, but as it was evident 
that the supernatant liquid showed some liver 
esterase activity, the third experiment {G) was 
arranged so that all solutions assayed contained the 
same amount of supernatant fluid from the slices, 
but differed in their treatment, the Scluadan being 
added either before or after ineubation and centri- 
fugation of the slices ; this comparison was made for 
two concentrations of Schradan. Rat-liver slices 
were used in experiments D, and cholinesterase 
assay was carried out by the colorimetric method. 
The recorded colour value is proportional to the 
amount of acetylcholine split in 10 min. The glucose 
buffer used was Krebs’ Ringer phosphate (pH 7-4), 
containing O-OlM-glucose. Results are shown in 
Table 5. 


Table 6 . Enhancement of anti-cholinesterase activity 
of Schradan by incubation with rat-liver slices 


(1 g./lO ml. medium for 3 hr.) 


Exp. 

no. 

B16 

Mixture 

assayed 

Supernatant from slices 
incubated in glucose buffer 

Colour 

difference 

0’38 

Esterase 

inhibition 

{%) 

17 

Supernatant from slices 
incubated in glucose buffer 
containing Schradan 
(1-3 X 10-»M) 

0-07 

81 

18 

As (17), hut u'ithout 
glucose 

0-08 

79 

19 

As (18), but Schradan 

0-38 

0 


added after incubation 


Stability 

The supernatant liquid from rat-liver slices in- 
cubated with 1-2 X 10”®M-Schradan in buffer gave 
81% inliibition of cholinesterase initially, but no 
inhibition after heating for 10 min. at 100°. In a 
similar experiment, using 1-91 x 10~®M-Schradan in 
glucose buffer, the inliibition fell from 87 to 3% 
after the same treatment. The active material was 
thus destroyed by this treatment, which was shomi 
to have little or no effect on Schradan itself. The 
active material was more stable at 0°, as three 
different samples of supernatants which inhibited 
the enzjnne by 97, 87 and 81 % initially, after 
keeping for 24 hr. at 0°, gave inhibitions of 86, 65 and 
73 % respectively. 
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Dialysis 

It was considered that further investigation of the 
properties of the active material wonldhe facilitated 
if it could be obtained in a protein-free solution. An 
active extract was enclosed in a cellophan bag and 
dialysed against an equal volume of buffer for 18 hr. 
and assays of inhibition made by the colorimetric 
method (Table 6). The active material had passed 


Table 6. Dialysis of activated Schradan extracts 


Exp. Solution 

no. assayed 

Colour 

difference 

Esterase 

inhibition 

(%) 

20 Supernatant from slices 
incubated in buffer alone 

0-34 

— 

21 Supernatant from slices 
incubated with 

2-2 X 10"®M-SohTadan 
in buffer 

0-05 

85-5 

22 Dialysate from (20) 

0-31 

— 

23 Dialysate from (21) 

0-07 

77-5 


through the cellophan, and the dialysate was a 
powerful inliibitor of cholinesterase although the 
concentration of active material in it was only half 
that in the original solution. The slight decrease in 
activity of the control was probably due to the 
elimination of the liver esterase activity. A slightly 
more elaborate experiment was then made in which 
Schradan was added before and after the incubation 
and centrifugation of the liver slices, and the two 
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supernatants dialysed (Table 7). The cellophan used 
was soaked in water before use in order to remove 
traces of soluble material which were found to have 
an inhibitory action on cholinesterase. 

Extractabiliiy 

The active material can be obtained in a salt- and 
protein-free aqueous solution by extraction of an 
active dialysed liver-slice extract with chloroform, 
removal of the solvent and solution of the residue in 
water. In a typical experiment an active dialysate 
(30 ml.) which gave almost complete inhibition of 
cholinesterase and which contained 85-8 ^^g. atoms P 
(by radioactivity assay) was extracted with chloro- 
form (5x18 ml.). The extracted solution had 
almost entirely lost its inhibitory activity and the 
■content of material had dropped to 3-2 pg. atoms P. 
The chloroform was removed from the extract under 
reduced pressure at room temperatme and the 
residue dissolved in water (13-6 ml.); the resulting 
solution again almost completely inhibited the 
enzyme and contained 73-2 pg. atoms P. (Control 
solutions were treated with chloroform in the same 
manner.) Other solvents, such as petrol (b.p. under 
40°), nitromethane and nitrobenzene were tried, but 
little or no inhibitory or radioactive material was 
extracted. 

Stability to acid and alkali 
The effect of exposing the active material for a 
short time to 0'033N-acid or alkali was investigated. 
After 5 sec. the mixture was neutralized and the 


Table 7. Dialysis of activated Schradan 


(Supernatant I: from 4g. rat-liver slices 4-30 ml. buffer -tM ml. water. Supernatant 11: from 4 g. rat-liver slices-t- 
30 ml. buffer -rl-l ml. Schradan (5-9 X 10-=ji).) ^ ^ 

Apparent conen. 
of Schradan from 
radioactivity 
(mM) 


Kxp. 

no. 

20 

21 


Origin of dialysate assayed 

10 ml. of (I) -f-0-4 ml. water against 
10-4 ml. buffer (control) 

10 ml. of (I) -t-0'4 ml. Schradan 
(5'9 X 10~=M) against 10'4 ml. buffer 

20 ml. of (II) -f O'S ml. water against 
20-S ml. buffer 



Esterase 

Colour 

inhibition 

difference 

(%) 

0-34 

— ■ 

0-34 

0 

0-005 

98-5 


Table 8 . InstabUiiy of active material in acid and alkaline solution 


1-52 

0-88 


Mixture 

To'S nd )"''’^ ' x-XaOH 


5 sec. exposure 30 sec. exposure 

^ ^ 


Colour 

difference 

0-379 

\ 

Esterase 

inhibition 

{%) 

t 

Colour 

difference 

0-380 

Esterase 

inhibition 

(%) 

0-033 

91-5 

0-100 

73-0 

0-040 

89-4 

0-160 

57-8 

0-334 

14-0 

0-370 

2-5 


6-2 
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inhibitory power assayed by the colorimetric 
method. A similar experiment was made using a 
different extract but delaying neutralization for 
30 sec. (Table 8). The active material is seen to be 
largely destroyed by the alltali within 5 sec., but is 
slightly more stable towards 0-033N-acid. 

DISCUSSION 

The experimental resiilts show that Schradan has a 
low in vitro anti-cholinesterase activity, but pro- 
duces a fatal acetylcholine -lilte poisoning in animals, 

>s 

'^0-C„H,-N02(p) 

III 

(CH^hN^ 
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is greater than that to be expected from ifi vitro 
measurements and cannot be ascribed solely to 
Parathion or possible impurities. 

Parathion is isomerized by heat to give (IV), 
which has been shown by Diggle & Gage to be a 
thousand times more active in vitro than Parathion 
itself as an anti-cholinesterase, and it is possible 
that a similar isomerization catalysed in vivo is the 
cause of the enhancement of activity of Parathion 
when injected. It is difficult to see how Schradan 
(V) could isomerize and it would appear that the 
molecule must undergo some other type of chemical 

aHjSv ,0 

■ \/ 

IV 

^N(CH3), 


and that the apparent contradiction can be explained 
by the conversion of the compound in the body into 
some much more potent inliibitor of the enzyme. 
The enhancement of activity can also be produced 
in vitro by incubation of the compoimd with liver 
slices, suggesting that the liver is involved in the 
alteration of Schradan in the body. The conversion 
into a more active poison would offer an explanation 
of why death is delayed for a few hours after 
injection of a lethal dose, whereas administration of 
certain other organic phosphorus anti-cholinester- 
ases which are highly active in vitro (such as tetra- 
ethylpyrophosphate and diallcyl fluorophospho- 
nates) leads to death within a few minutes. Soon after 
om’ preliminary commtmication (Gardiner & Kilby, 
I 95 O 0 ) a paper was published by DuBois, DouU & 
Coon (1950) in which similar findings were made 
quite independently and similar conclusions reached. 
Recent work suggests that other organic phos- 
phorus compounds may imdergo a similar enhance- 
ment of activity in vivo. Holmstedt (1951) has 
shown that a linear relationship between the 
logarithm of the LDs,, and that of the concentration 
causing 50% inhibition of cholinesterase in vitro 
holds for certain very active organic phosphorus 
anti-cholinesterases, while for other related com- 
pounds, such as Schradan and bis(dimethylamino)- 
phosphoryl fluoride, (NMoglaPOF, the relationship 
does not hold owing to low in vitro activity, and 
Holmstedt suggests that conversion in vivo may be 
the explanation. Diggle & Gage (1951) consider that 
the inhibition of brain cholinesterase following 
injection into rats of highly purified Parathion (III) 


change. In water or alkaline solution, Schradan is 
hydrolysed very slowly (fc = 4- 7 x 10“® [OH“] min."^ 
at 100°), but more rapidly in acid solution 

(* = 3-6 X 10-® [H’J min.-i at 25°) 

when the ultimate products of hydrolysis are 
phosphoric acid and a dimethylamine salt (Hartley 
& Heath, 1951). These workers, using radioactive 
Scliradan, have shown that the mode of decomposi- 
tion in plants is wholly different. Schradan would 
have a half-life in vitro of over 8 years at pH 4-5-7-0 
(that of plant saps), yet only 10 % remained un- 
changed 4 weelrs after absorption of the compound 
by a plant in vigorous growth, and up to 50 % was 
present as decomposition products. Using a related 
compound, tris-(dimethylamino)-phosphine oxide 
(containing no P — O — F linkage), it was shown that 
the decomposition products containing phosphorus, 
which were present in plants, unlike those from acidic 
hydrolysis, were extractable from alkaline solution 
by chloroform, so that acidic hydroxyl groups on the 
phosphorus atoms coifld not be present, and it was 
suggested that in plants the enzymic attack is on 
a N — C or C — H and not on a P — 0 or P — bond. 
Plants, therefore, appear to contain enzyme 
systems capable of metabolizing Schradan, but it is 
not yet possible to say whether or not the changes 
produced are similar to those taking place in 
mammalian tissues. 

Evidence is accumulating that the organic 
phosphorus compoimds inhibit enzymes by a type 
of phosphorylation in which a substituted phos- 
phoric acid residue remains attached to the enzyme 
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active material in 0'033N-alkali for 5 sec. indicates 
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molecule. Most of the organic phosphorus enzyme 
inhibitors are acid anirydrides in the broad sense 
(o.g. tetraethylpyrophosphate, dialkyl fiuorophos- 
phonates) and contain a bond on the phosphorus 
atom which is ruptured by the enzyme in a nucleo- 
philic substitution reaction (S„ 2 type mechanism) 
(Wilson & Bergmann, 1950). Studies with chymo- 
t,typsin have shown that when this bond is broken, 
the portion of the molecule containing phosphorus 
joins on to the enzyme while the other part is 
liberated as an anion. Thus, when chymotrypsin is 
inhibited by radioactive diisopropylfluorophos- 
phonate it has been shown (Jansen, Nutting & Balls, 
1949; Jansen, Nutting, Jang & Balls, 1950) that 
one radioactive phosphorus atom and two iso- 
propoxy groups are present in each molecule of 
inlubited enzyme, and one molecule of acid (pre- 
sumably HF) is liberated; while Hartley & Kilby 
(1950) have shown that one molecule of p-nitro- 
phonol is liberated for each molecule of chymo- 
trypsin iidiibited by the oxygen analogue of Para- 
thion. On this basis, one would expect the active 
molecule derived from Schtadan to contain a bond 
of the high energy typo, making the compoimd a 
more powerful phosphorylating agent and thus a 
more efficient enzyme inhibitor. We consider that 
the activation process may well be the fission of 
the P — 0 bond and the replacement of the 
— 0 — P(Nl\Ioj)j portion by some group X such that 
the P — %■ bond is a labile and reactive one ; it might, 
for example, bo an acetate or phosphate group. It 
caimot bo a hydroxyl group resulting from a simple 
hydrolytic fission of the molecule into two identical 
halves, ns the compound (NMejjjPOfOH) has been 
examined and is stable and devoid of anti-cholin- 
estornso activity ; nor can this be the precursor of the 
active compound as this is not generated from it by 
incubation with liver slices. The instability of the 


that a labile molecule has been produced. 

The procedme outlined has led to the isolation of 
a preparation which contains the active material 
labelled with ^^P and present in a salt and protein- 
free solution. It is likely that the highly inhibitory 
material is present only in small amounts in these 
active preparations, and that the major part of the 
radioactivity is due to unchanged Schradan. Some 
of the preparations contained ®®P in concentrations 
of the order without giving complete cholin- 

esterase inhibition, whereas the ®®P content of 
the blood of rabbits at death after poisoning by 
Schradan, was only about 10“*-10~®M, yet the blood 
cholinesterase was almost completely inhibited. 
Further investigation on the nature of the active 
substance is proceeding. 

SUMMARY 

1. A 50 % inliibition of whole rabbit blood cholin- 
esterase is caused by incubation for 1 hr, with 
2-6 X 10~^M-Schradan,bis(dimethylamino)phospho- 
nous anhydride. In spite of this low inhibitory 
action, injection into rabbits leads to death with the 
symptoms of acetylcholine poisoning. 

2. Using radioactive Schradan, it is shown that 
the compound is converted in vivo into some more 
active anti-cholinesterase. 

3. Incubation of Schradan in vitro with rat- or 
rabbit-liver slices leads to a similar enhancement of 
activity. 

4. The active material after liver-slice incubation 
can be dialysed into buffer and extracted with chloro - 
form; it is labile and is destroyed by 5 sec. exposure 
to 0-033 N-alkali, but is slightly more stable to acid. 

The authors are indebted to the Agricultural Research 
Council for a grant which defrayed the cost of this work. 
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In a previous commxmication attention was drawn 
to the occinrence in the rinnen of the sheep of 
significant concentrations of ammonia (McDonald, 
1948 a.). It was shown that urea was present in the 
saliva of sheep, and that this was one source of 
ammonia, since Lenlveit & Becker (1938) had demon- 
strated a high urease activity of the micro-organisms 
of the rumen. Evidence was also presented to prove 
that ammonia was absorbed from the rumen into 
the portal blood stream, and, since only mere 
traces of ammonia could be detected in the blood of 
the general circulation, it was concluded that the 
absorbed ammonia was converted by the liver into 
urea; thus a circulation of nitrogen via the saliva, 
ruminal ingesta and liver could be envisaged. 
Further observations which indicate the import- 
ance of ammonia in the turnover of nitrogen in the 
rumen are reported in this paper. 

EXPERIMENTAL 

In all experiments the sheep were fed once daily, but were 
allowed continuous access to water. The simple diets used 
were always adequate to maintain the animals in robust 
health. 

The sheep used in these experiments were provided with 
rumen fistulae, to enable sampling of the rumen contents. 
No means are available for taking a representative sample of 
the rumen contents ; this difficulty, which has been discussed 
by Pearson & Smith (1943), is due to the fact that the rumen 
contents are heterogeneous and contain large fragments of 
plant material which are not uniformly distributed through- 
out the entire mass of ingesta. In order to avoid this diffi- 
culty, the analyses recorded here were made on the fluid 
obtained from the rumen contents after straining through 
muslin. The object was to obtain a sample of the rumen 
liquor which would contain the soluble nitrogenous con- 
stituents and the micro-organisms, but not the dietary plant 
fragments. This expedient was not entirely satisfactory, 
since some of the smallest plant fragments passed through 
the muslin, wliile large number^of micro-organisms were 
retained with the plant residues, tt was, however, observed 
that samples of rumen liquor obtained from widely separ- 
ated points in the rumen showed the same composition. It is 
also probable that the smallestj^plant fragments were those 
which had been most thoroughW attacked by the ruminal 
bacteria and hence contributefl but little protein to the 
mixture. The most unsatisfactdfy feature was the loss of 
micro -organisms on the plant resi&ues and thus the reduction 
of the concentration of protein hi the rumen liquor. 

The rumen liquor will also contain some protein from the 
saliva, but the concentration of protein in saliva is small in 


comparison with that of the rumen liquor, and since the 
salivary protein would also be susceptible to digestion in the 
rumen, any error from this source was presumed to be 
negligible. 

With these reservations, it may be taken that the protein 
of rumen liquor consists essentially of the protein of the con- 
tained micro-organisms. Indirect evidence in favour of this 
conclusion was found in the very high concentration of 
protein in the dry matter of the rumen liquor; an average of 
nine analyses gave the value of about 50 % protein (protein 
N X 6-25) in the dry matter after allowance was made for the 
content of ash and volatile fatty acids. These reservations do 
not, however, preclude the use of analyses of rumen liquor to 
observe the trend of changes in the distribution of nitrogen 
in the rumen in relation to time after feeding, and the 
procedure is certainly valid for the soluble non-protein 
nitrogen (n.p.n.) constituents; only limited conclusions can 
be drawn from the values obtained for protein N. 

Methods 

Total nitrogen was estimated by the Kjeldahl method, 
usingthesemi-micro technique of Chibnall, Rees & Williams 
(1943). 

Ammonia was estimated by the method of Conway (1947) 
or by distillation of protein-free filtrates with NaOH-borate 
bufier at pH 8-5. The two methods gave excellent agreement 
and were in accord with values obtained by the method of 
Pamas & Klisiecki (1926). 

Non-protein nitrogen (n.p.n.) was estimated as the total N 
in protein-free filtrates obtained either by precipitation with 
ethanol or with dilute acid. It was found that the protein of 
rumen liquor, obtained by filtering rumen contents through 
muslin, could be quantitatively precipitated by dOution 
(1 to 10) and acidification to approximately pH 2-5. 

Protein N was calculated as total N minus n.p.n.; for 
convenience of description, the rr.P.w. was divided into two 
categories, ammonia N and residual N. The components of 
the residual N have not been studied. 

RESULTS 
Meadow-hay diet 

Preliminary observations W'ere made with sheep fed 
an exclusive diet of meadow hay; a graph showing 
the changes in the distribution of nitrogen in the 
rumen liquor is given in Fig. 1 . The values shown are 
the averages of tlnee observations on each of two 
sheep. The main features shown by these curves are 
as follows. The consists chiefly of ammom’a N, 

while the residual N is always of low concentration. 
Qualitatively, amino -acids could not be detected by 
direct ninliydrin tests or by paper chromatography 
of protein-free filtrates. The rapidity with w’hich the 
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ammonia accumulates in the rumen after feeding 
is a reflexion of the high activity of the micro- 
organisms. Since amino-acids do not acc^ulate 
in the ingesta, it is apparent that the rate of uptake 
of amino-acids hy the microbes from the medium 
exceeds the rate of proteolysis by the prote^ps 
formed by them, or that they may m addition 
actively deaminate free amino-acids. 




lysis. The results given in Fig. 2 show clearly that the 
addition of 25 g. casein to the rumen was followed 
by a pronounced rise in the ammonia concentration. 
An approximate estimate indicates that the am- 
monia nitrogen formed from the casein represented 
about 20 % of the total N added. Since amide N 
comprises only 9-3% of the total N of casein, the 
observed rise in ammonia cannot bo duo solely to tlie 


Residual N 



^ 2 3 4 5 6 7 

Time after feeding (hr.) 

Fig. 1. Changes in the distribution of nitrogen in the rumen 

liquor of sheep on a diet of meadow hay. Each point 
represents the average of three observations on each of 
two sheep. 

The peak in the curve for ammonia concentration 
does not give an indication of the magnitude of 
total formation of ammonia since this is removed 
from the rumen in several ways ; by its utilization by 
bacteria for their growth, by passage in the ingesta 
from the rumen to the omasum and abomasum, and 
by direct absorption from the rumen (McDonald, 
1948a). The relative magnitude of these effects has 
not yet been estimated with accuracy. 

Casein and zein diets 

The close association of the changes of concentra- 
tion of ammonia in the rumen with feeding sug- 
gested that part of the ammonia was derived from 
the proteins of the feed. In order to test this hypo- 


I 17 18 19 20 21 22 23 24 

Time after feeding (hr.) 

Fig. 2. Comparisons of the effects on ammonia formation of 
addition of protein suspensions to the rumen of a sheep; 
25 g. of protein were added at the time indicated by the 
arrow. Control curve, no protein added. 

removal of amide groups ; it was concluded therefore 
that deamination as well as deamidation reactions 
were responsible for the formation of ammonia) 
This conclusion was supported by the fact that 
similar results were obtained when a solution of 
gelatin, which contains only a trace of amide N 
(Chibnall, 1942), was added to the rumen. 

The direct addition of 25 g. zein to the rumen 
produced no change in the concentration of 
ammonia N in the rumen. This is clearly a reflexion 
of the physical properties of the protein which 
render it so resistant to proteolysis (Laine, 1944). 
Since zein is in fact digested to a considerable extent 
in the riunen (McDonald, 19486) it is evident 
that its rate of digestion is too slow to permit an 
accumulation of ammonia. 


thesis, proteins in suspension were added directly to 
the rumen through a fistula. It was first established 
that a satisfactory base-line could be obtained by 
sampling tho rumen contents during the period of 
10-24 hr. after feeding; the control curve in Fig. 2 
shows that during this time the concentration of 
ammonia in tho rumen remains virtually constant ; 
tho factors responsible for the accumulation and 
removal of ammonia have thus come into equi- 
librium. Casein, gelatin and zein were chosen as 
reprosontativo proteins on the ground that the two 
former are soluble and readilj’’ attacked by pro- 
toinasos, while the latter is highly insoluble in 
aqueous media and relatively resistant to proteo- 


These experiments showed that ammonia could 
be derived from protein in the feed. Observations 
were then made on the distribution of nitrogen in the 
rumen fluid when sheep were fed on partially puri- 
fied diets in which casein or zein comprised the chief 
source of nitrogen. The daily ration was composed 
of protein (casein or zein), 110 g.; starch, 280 g.; 
cellulose, 250 g. ; glucose, 80 g. ; molasses, 40 g. ; 
chaffed straw, 150 g. and adjuvants of mineral salts 
and vitamins A and D; the prepared diets were 
foimd to be palatable and the day’s ration was 
consumed within a few hours. 

The distribution of nitrogen in the rumen liquor 
durmg feeding regimes with these two diets is 
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shown in Figs. 3 and 4. Again it is clear that the 
soluble casein is readily attacked with the liberation 
of ammonia and of other N.n.if. substances (ex- 
pressed as residual N). The rise in residual N is of 
comparatively brief duration, and after 2 hr. the 



Fig. 3. Changes in the distribution ofnitrogen in the rumen 
liquor of a sheep on a diet in which casein comprised the 
chief source of nitrogen. Each point represents the 
average of three observations. 



Fig. 4. Changes in the distribution of nitrogen in the rumen 
liquor of a sheep on a diet in which zein comprised the 
chief source of nitrogen. Each point represents the 
average of four observations. 

value begins to decline while the level of ammonia N 
continues to rise for 4 hr. after feeding. In sharp 
contrast is the effect of feeding zein in the diet; the 
ammonia falls to extremely low levels after feeding, 
while the residual N shows no change. This finding 
can best be interpreted as indicating that the rate of 
proteolysis of the zein is slower than the capacity of 
the bacteria to take up the products of proteolysis 
and that in the presence of readily available sources 
of energj^ (in this case, glucose and starch) the 
organisms use the ammonia as a source of nitrogen 
for growth; later when the growth rate of the 
bacteria declines, the rate of formation of ammonia 
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may exceed the rate of uptake and the concentration 
of ammonia rises slowly to the pre-feeding level. 
Further evidence in support of this view is the 
observation that when starch alone is added to the 
rumen during the late post-feeding stage there is a 
steady decline in the concentration of ammonia; the 
results of an experiment with two sheep are shown m 
Fig. 5. 



Fig. 5. The influence on ammonia concentration in the 
rumen liquor of addition of starch suspension to the 
rumen of sheep during the late post-feeding phase. 

The relative availability of the two proteins for 
bacterial growth is illustrated in the marked 
difference in the levels of protein N in the rumen 
liquor in spite of the fact that both diets contained 
the same amoimt of nitrogen. On the zein diet, the 
protein N level in the rumen liquor was approxi- 
mately 55mg./100ml. compared with 110 mg./ 
100 nd. on the casein diet. 

DISCUSSION 

The general purpose of the work reported here was 
to obtain information, both qualitative and quanti- 
tative, on the role of micro-organisms in the 
digestion of protein in the rumen. It has already 
been established by Wegner, Booth, Bohstedt & 
Hart (1940) that the saliva of ruminants contains no 
proteolytic enzymes and it is well known that the 
stratified squamous epithelium of the mucosa of 
the rumen and reticulum possesses no secretory 
glands. It is therefore evident that digestion of 
protein in the rumen can be due only to proteolytic 
enzymes contained in the food or produced by the 
microbes (protozoa and bacteria) which inliabit 
this viscus. In order to eliminate the former as 
a significant factor, preliminary experiments were 
conducted with diets consisting excliasively of 
hay, in which the leaf proteins are denatured by 
the drying of the leaves (Lugg, 1946); under these 
conditions it was considered that little, if any, 
proteolysis could be ascribed to surviving plant 
enzymes. By contrast, the rmnen supports an 
extremely large population of microbes; Van der 
Wath & Myburgh (1941) recorded protozoal counts 
exceeding 2 miUions/ml. of rumen contents, and 
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Gall, Burroughs, Gerlaugh & Edgington (1949) 

found bacterial counts exceeding 50 x 10®/g- of rumen 

contents. Since this dense population of microbes is 
maintained in spite of continuous passage of ingesta 
from the rumen, it is evident that a significant 
fraction of the nitrogen of the host’s diet must be 
digested and utUized by the microbes for their own 
growth. The presence of highly active proteinase, 
considered to be of microbial origin, in the ruminal 
contents was demonstrated by Sym { 1938) , who i^ed 
casein as substrate for in vitro tests. There is little 
reason to doubt that, for all practical purposes, the 
whole of the digestion of protein in the rumen is 
effected by micro-organisms. 

In the general physiological economy of the 
ruminant, the essential function of the rumen may 
be envisaged as the digestion of cellulose and other 
carbohydrates for which the animal does not 
produce digestive enzymes; other changes in the 
rumen can be considered as coincidental to this 
function. In this respect, the anatomical arrange- 
ment of the digestive organs, which provides for the 
microbial digestion of cellulose prior to the operation 
of the animal’s own enzymic secretions, confers on 
the ruminant a more efficient mechanism than is 


actively produces ammonia from asparagine and 
glutamine (author’s unpublished experiments). 
It is quite probable that some others of the n.p.n. 
substances occurring naturally in fodders may be 
degraded with the formation of anomonia, and to the 
degree that tins occius, these substances would 
contribute to the turnover of nitrogen in the rumen 
in exactly the same way as at least part of the amino - 
acids and amides. The available data are too in- 
adequate to evaluate these processes. 

It has now been established that the ruminant can 
survive on a diet in which virtually all the nitrogen 
is supplied in the form of vuea (Loosli, Williams, 
Thomas, Ferris & Maynard, 1949), which is con- 
verted in the rumen into ammonia, but it is evident 
that a normal population of micro-organisms is not 
maintained in the rumen on such a diet (Gall, 
Thomas, Loosli & Huhtanen, 1951). It seems likely 
that many of the ruminal species are exacting 
in their requirements for amino-acids and that 
a diet which supplies Uttle or no nitrogen in the form 
of protein or amino-acids, would lead to the dis- 
appearance of the exacting species and the survival 
or establislunent of species which can use ammonia 
as the sole soiuce of nitrogen. 


found in other herbivores, in which the bacterial 
degradation of cellulose follows the activity of the 
gastric and intestinal secretions. The digestion of 
cellulose requires the provision by the host animal of 
an environment in which the cellulose -splitting 
bacteria may thrive ; this environment is provided 
in the rumen with a high degree of regulation 
(Phillipson, 1946), with the result that a population 
of bacteria and protozoa in very large numbers is 
maintained. This population requires a suitable 
and adequate supply of nitrogen; under normal 
feeding conditions, most of the nitrogen in the 
animal’s diet will be comprised of protein, but other 
nitrogenous substances will always be present. For 
none of the natural feeds are complete analyses 
available for the distribution of nitrogenous sub- 
stances; in some cases it is known that amides or 
free amino-acids contribute to the n.p.n. fraction, 
but most natural feeds will contain a variety of 
x.r.N. substances in other forms. 

Since so many organisms are capable of using 
ammonia as the solo or part source of nitrogen for 
growth, and since ammonia is also the chief nitro- 
genous end product in the breakdo^vn of proteins 
by bacteria (Stephenson, 1949), it is scarcely sur- 
prising that ammonia should figure so prominently 
in the nitrogen metabolism of the rumen. Shazly 
& Sjmgo (1950) have demonstrated the marked 
capacity of ruminal bacteria to deaminate amino- 
acids; when suspensions of the washed bacteria were 
incubated with acid-hydrolj'sed casein, up to 35% 
of nmino-acid N appeared ns ammonia. In addition, 
the rumen bacteria jiossess desamidose which- 


The formation of ammonia in the rumen leads to 
two opposing nutritional tendencies. First, since 
substances such as urea, which are nutritionally 
valueless to the host, can be converted to ammonia 


and utilized for growth of bacteria, that is for syn- 
thesis of protein, which can be subsequently digested 
and used by the host, a gain of nitrogen accrues to 
the host animal. By contrast, the degradation of 
protein to ammonia, which can be directly absorbed 
from the rumen, implies a source of loss of nitrogen 
to the host animal. The interaction of these opposing 
tendencies is probably a major factor leading to the 
relative constancy of the biological value of food 
nitrogen (crude protein) for ruminants (Johnson, 
Hamilton, Mitchell & Robinson, 1942). 

Aprovisional outline of the mainevents concerned 


HI tiiD digestion, of protein in tlie rumen may Ids 
given as follows. Under ordinary conditions of 
feeding, the nitrogen entering the rumen will 
comprise chiefly protein together with varying 
amoimts of non-protein nitrogenous substances as 
peptides, amino acids, amides, purines, pyroUes, 
simple bases such as choline and the betaines, 
morganie N as ammonia, nitrates and nitrites, and 
traces of other substances. The nitrogenous bases 
and amino compounds may be deaminated while 
mtrates and nitrites are reduced to ammonia 
(Lewis. 1951). Ammonia is also produced by the 
degradation of proteins. In addition, smaU but 
significant amounts of nitrogen are added to the 
rumen contents by the saliva, in which the most 
mportant component is urea, which is readily con- 
erted into aramoma. Ammonia is utilized by the 
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micro-organisms for growth, together with amino- 
acids produced by the activity of the bacterial 
proteases. Protein leaving the nmaen by passage in 
the ingesta to the more distal parts of the gastro- 
intestinal tract consists of a mixture of undigested 
food protein and the protein of the micro-organisms. 
The ratio of these two forms of protein in the ingesta 
leaving the rumen has not yet been determined vmder 
any natural feeding conditions, but McDonald 
(19486) has reported the extent of conversion of zein 
to microbial protein in sheep fed a partially purified 
diet. Ammonia is absorbed from the rumen and in 
part may return to the rumen, after passage through 
the liver, by secretion as urea in the saliva, while in 
part it would be excreted in the urine as urea. Some 
of the nitrogen utilized by the ruminal micro- 
organisms for growth would appear as nucleic acids 
(and other non-protein substances) which are 
probably of very limited, if any, value to the host 
animal. The biological value of protein or of any 
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other nitrogenous substance in the diet of a rmni- 
nant will be determined, in part, by the degree to 
which it is attacked and utilized by the ruminal 
micro -organisms . 

SUMMARY 

1. In the rumen fluid, ammonia constitutes 
the main component of the non-protein nitrogen, 
when the animal is fed natmal diets or a diet 
m which casein is the main source of nitrogen. 
The insoluble protein, zein, is only slowly digested 
in the riunen. 

2. Indirect evidence suggests that ammonia 
represents an important intermediate in the 
digestion of dietary protein and its utilization by 
the symbiotic micro-organisms of the rumen for 
their grov^th. 

3. The implications of these observations on the 
role of micro-organisms in the digestion of protein in 
the rumen are discussed. 
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Kubo (1939) established that the red pigment in 
leguminous root nodules is a haemoprotein with 
absorption characteristics almost identical with 
animal haemoglobin, and that the addition of the 
pigment to a suspension of soybean organisms en- 
hanced their oxygen uptake on succinate. In a paper 
published in 1943 by Kasugai, Kubo & Tsujimura, 
but only recently available, these initial obser- 


vations ivere extended to include pure cultures of the 
root nodule and other bacteria. The stimulation by 
haemoglobin was blocked by hydroxjdamine, which 
combines only with ferric iron; this inhibition is 
surprising if the haemoprotein w^ere merely oxy- 
genated and deoxygenated, for the iron would then 
remain in the ferrous state. Despite this observed 
effect of hydroxylamine, Kasugai et gl. concluded 
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that the function of the haemoprotein in the nodule 
is to store and transport molecular oxygen, a view 
independently proposed by Little & Burris (1947), 
who had extended the observations to stimiAation 
of the respiration of a variety of organisms 
Bhizobiuni trifolii, Escherichia coli and Torula 
canadensis. The stimulation was especially marked 
at a Po.j of 0-01 atm. and was eliminated if the 
haemoprotehi was denatured by heating. 

Smith (1949), in a careful reinvestigation of the 
problem, noted that the respiration of intact 
nodules on the plant and excised whole and sliced 
root nodules was not inhibited by carbon monoxide, 
and on the basis of this and other evidence be con- 
cluded; ‘The effect of haemoglobin in this and 
probably in the other experiments, including those 
at the low partial pressures of oxygen, is not con- 
nected with its ability to undergo oxygenation. 
A probable explanation is that B. trifolii and many 
other bacteria are able to break down haemoglobin 
and use it as a nitrogen somce, so that in the 
presence of haemoglobin, the bacteria change over 


with a Potter-Elvehjem homogcnizer (Umbreit, Burris & 
Stauffer, 1949, p. 136), heating again for 1 min. and again 
homogenizing. Tests with haemoglobin wore made at 30 in 
respirometer vessels of 6-8 ml. capacity. The main chamber 
of the vessel contained 0-6 ml. 3% glucose and 0'5 ml. 
haemoglobin, denatured haemoglobin or water; 0-5 ml. of 
cell suspension in 0-1 Ji-phosphate buflTer of pH 7-3 was 
placed in the side sac, and 0-05 ml. 20 % KOH was placed in 
the centre well. These solutions corresponded to those used 
by Smith (1949). Gas mixtures were made from air and tank 
gases. When mixtures with a Pq^ of O'Ol atm. were desired, 
water was displaced from two ivatcr-filled gas bottles with 
high purity ; 5% of the atmosphere of one bottle was then 

replaced with'tank CO. The two bottles were then connected 
with a T-tube and 0'05atm. was removed simultancously 
from both ; when this w'as replaced with air the gas mixtures 
in the bottles had a Po. of O’Of ^'^oh a procedure 
assured that the same pe'rcentage 0, would be present in 
both gas mixtures. Analysis of two such mixtures in the 
respirometers indicated that the mixture with CO had 
1-32% Oj and the mixture without CO had 1-30 % 0.. 
Respirometer vessels were gassed from these mi.xtures as 
described by Umbreit el al. (1949, p. 44). 

RESULTS 


from a rate of oxygen uptake corresponding to a 
resting metabolism to a Mgber rate characteristic of 
a proliferating metabolism.’ 

Data gathered by us some years ago (Burris, 
1940) and mentioned briefty in the review by Burris 
& Wilson (1939), together with some recent experi- 
ments with haemoprotein on the respiration of the 
rhizobia, are presented here in an examination of 
this conclusion of Smith. 


EXPERIMENTAL IMETHODS 

Effect of amino-acids. Various species of R. trifolii were 
grown in litre Roux flasks at 28° on a medium containing 
10 g. Difeo yeast extract (or 100 ml. of a hot water extract of 
fresh yeast), 0-5g. KjHPO^, 0-lg. NaCl, 0-2 g. MgS 04 . 7 Hj 0 , 
O’S g. CaCOj, and 20 g. agar, per litre. Iron was supplied 
at 3 pg./ml.; the medium was adjusted to pH .7-0. 
The fast-grou-ing cultures were incubated for 2 days, the 
slow-growing cultures (soybean and cowpea organism) for 
4 days. The cells were removed with a glass rod from each 
bottle of culture after about 10 ml, of the salt solution of 
Allison & Hoover (1934) had been added; then lumps of agar 
were removed from the suspension by filtration through 
cheesecloth. Die cells were centrifuged, twice resuspended 
and recentrifuged, and finally stored at 3° suspended in the 
solution of Allison & Hoover. 

Measurements were made in IVarhurg respirometers at 
34 . Unless otherwise stated, the Warburg flasks contained 
1 ml. of 0 000 M.phosphatc buffer, pH 6-5, 1 ml. of bacterial 
susjwnsion, 0-5 ml. of O-Olii-substrate and 0-5 ml. of in- 
hibitor, stimulator or wafer; 0-15 ml. of 20% KOH was 
placed in the central alkali well. 

l.JIfrl of hacmoghhi)!. Haemoglobin prepared from hog 
blood by tUo method of Welker & Williamson (1920) was 
dialysed before use. Heat-denatured haemoglobin was nsed 
111 control flasks; a haemoglobin solution was denatured bv 
placing it in n boiling-water bath for 1 min., homogenizing 


Effect of amino-acids 


Table 1 presents data on the effect of nitrogenous 
compounds on the respiration of root -nodule 
bacteria representing four cross-inoculation groups. 
It is evident from the table that Rhizobium mdiloti 
100, R. trifolii 205 and 209 and R. leguminosarum 
317 respond in a reasonably similar manner to the 
compounds tested, although strains 100 and 317 
respond less vigorously than 205 and 209. Com- 
pounds which are especially stimulatory include 
the amino-acids glycine, alanine, aspartic acid, 
glutamic acid and arginine, the dipeptide glycyl- 
glycLne, and the amide asparagine. The mixture of 
amino -acids from casein hydrolysate is distinctly 
more stimulatory than single amino-acids. Inter- 
mediate and rather uniform responses were ob- 
tained with the alpha amino -butyric, -valeric and 
-caproic acids. Cysteine, glycine anhydride, cal- 
cium nitrate and sodium nitrate stimulated slightly 
or were inhibitory. Except for strain 602 the re- 
sponse with ammonium nitrate, the best inorganic 
stimulator tested, was comparable to that obtained 
with the more active amino-acids. The apparent, 
more striking, stimulation of the cowpea organism 
on amino-acids can be attributed to the fact that 
glucose is a poor substrate for this culture; hence 
any direct oxidation of the added amino-acid 
appears as a great stimulation. 


tiie bwinuiation was inde 

pendent of the concentration of the added nitro 
genous compound. With ammonium nitrate, foi 
example, the following stimulation was noted 
0-02M, 4o%; 0-01 M, 48%; 0-001 M, 40%. Similai 
were obtained wdth aspartic acid. The 
total stimulation (total oxygen uptake in 3-5 hr.] 
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Table 1. Effect of nitrogenous compounds on the respiration of the rhizobia supplied with glucose 

(All figures as percentage stimulation over respiration on 0-006CM-gIucose alone. Negative values indicate inhibition. 
Nitrogenous compounds in 0-001 m concentration, g-oj indicates oxygen uptake in pl./mg. bacterial N/hr.) 

Strain of organism* 

- \ 


Nitrogen compound 

Glycine 
Alanine 
Aspartic acid 
Asparagine- 
Glutamic acid 
Leucine 

Aminobutyric acid 
Aminovaleric acid 
Aminocaproio acid 
Aminocaprylic acid 
Cysteine 
Histidine 
Arginine 
Tryptophan 
Glycylglycine 
Gl3'cine anhydride 
1/1200 dry wt. casein hydrolysed 
NH.NOj 
CalNOalj 
(NH<,),HP04 
(NH^IjSO^ 

NaNOa 
g-Qj on glucose 

* R. ndiloti 100; R. trifoUi 205 and 209; R. leguminosarum 317; Rhizobmm sp. (cowpea) 602. 

Table 2. Oxidation of glucose by Rhizobium trifolii 205 in the presence and absence of glycine 

Uptake of oxygen 


100 

205 

209 

317 

602 

21 

35 

43 

16 

24 

19 

30 

33 

23 

35 

14 

24 

27 

14 

111 

22 

43 

32 

22 

232 

16 

40 

39 

13 

137 

11 

23 

21 

7 

58 

22 

25 

21 

13 

158 

16 

26 

21 

10 

87 

16 

26 

22 

17 

125 

5 

23 

8 

9 

146 

-13 

-9 

-8 

8 

-6 

5 

26 

33 

16 

-6 

31 

30 

30 

11 

-6 

-2 

8 

12 

0 

29 

25 

29 

26 

27 

41 


-1 

2 

1 

8 

35 

80 

40 

31 

217 

9 

30 

37 

16 

-8 

-3 

-6 

-2 

4 

-5 

-1 

20 

28 

20 

-12 

1 

25 

21 

21 

-6 

-2 

-1 

7 

3 

-20 

454 

319 

461 

442 

192 


Glucose used 


Substrate 

Glucose 

Glucose plus glycine 


mg. 

1-089 

0-676 


Oo equiv. 

Vi-) 

First hour 

813 

504 


436 

553 


From 

glucose 

(pi.) 

436 

477t 


Oxidation 
of glucose 
(%) 

54* 

95 


1208 

708 


192 

477 


192 

385 


16 

54 


Second hour 

Glucose 

Glucose plus glycme 0-948 

* (0, from glucose x 100)/{O, equiv of glucose dbappearmgh No correcU^ o_^ . 

t Calculated from observed minus that equivalent to glycine oxiai 

second hour, 92 pi. O^. argument that the observed response cannot 

likewise was relatively independent of the concen- ..^.-iilted to proliferation of the cells, the ex- 

tration within rather wide limits. ^eriment was repeated. A heavy suspension of 

total stimulation was approxunately 400pl. P so that accurate readmgs could 

between concentrations of 0-004 and 0-02 M. Belo • intervals. After a preliminary 

and above this range the total stimulation ® ^ ^ determine the rate of oxygen uptake on 

rapidly, although the initial stimulation of aW pe™ nitrogenous compounds were 

40 % was observed in concentrations rangmg from gmcn ^ observed 

0-00033 to 0-5M. Stimulation of yoimg response at the 4 min. reading, but by 8 mm. 

(24 hr.) was usually somewhat greater than that g tes had been attained. , 

older, but this may reflect only that the overall To gain an insight into 

metabolism is greater in young cells. nossible mechanisms ofstimulation by ammo-acids, 

Burris & Wilson (1939) reported that Lalyses were made at intervals in an experiment 

is evident almost immediately upon irifolii 205. It appears that the foUowing 

amino-acids. Since this point is of some importance 
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■ Table 3. Oxidation of glucose and glycine alone and together by Bhizobium trjfolu 205 

(All values for 0^6 mf ObSglucose solution (or 1 ml. 

tptsion ?n ^’e am Theoretical oxygeV equivalent of glucose added: 2688 ;.l. Oxygen equivalent of amxno-acid dis- 
appearing based on complete oxidation of carbon in glycine.) 

a- Amino N disappearing NH 3 -N appearing 


Substrate 

O 2 

uptake 

(/JO 

pmol. 

O 2 equiv. 

(/JO 

( 

pmol. 

0 . equiv. 
■(pi.) 

Glucose 

Glycine 

Glucose plus glycine 

538 

272 

819 

8-58 

7-95 

288 

266 

100 

5-6 

336 

188 


reactions may be important: (o) sparing of glucose 
by oxidation of glycine ; (b) oxidation of glycine -with 
liberation of ammonia; (c) stimulation of oxidation 
of both glucose and endogenous substrates by the 
ammonia. It is difficult to assign a quantitative 
value to each of these, but an estimate of their 


glucose. This simple interpretation, however, dis- 
regards the role of the endogenous respiration and 
the marked difference in the ammonia found in the 
presence and absence of glucose. The endogenous 
respiration was 106 [A. Oj in 120 min. The ammonia 
found when glycine alone was the substrate was 


importance can be obtained from the data inTable 2. 
During the first hour the stimulation of uptake of 
oxygen by the presence of glycine was 117/il, ; an 
uptake of only 76 /il. would be needed for complete 
oxidation of the glycine calculated from the 
ammonia liberated. The corresponding figures for 
the second hour were 285 and 92 /xl. 

These data, suggesting an increased oxygen 
uptake from glucose, could result from a sparing 
action of the glycine on the glucose in the sense that 
the oxidation of the amino-acid decreases the 
quantity of glucose that is oxidatively assimilated. 
A quantitative estimate of this effect is given by the 
percentage of glucose that disappears accounted for 
by the oxygon used (last column of Table 2). That 
the oxidation of endogenous substrates as well as the 
glucose may be stimulated by the simultaneous 
oxidation of glycine is indicated by the following 
observation: during this trial in 160 min. the 
oxidation of glycine required 706 fil. of oxygen, 
ivhoroas the endogenous respiration was 202 pi. The 
difference, 504 pi., is considerably higher than the 
value of 445 pi. calculated from the 13-2 pmol. of 
ammonia liberated from the glycine. 

The foregoing interpretation is not imequivocal, 
however, since the quantity of glycine that dis- 
appears has been calculated from the ammonia 
appearing, clearly a minimum value, as part of the 
liberated ammonia may have been subsequently 
assimilated. Another experiment was made, there- 
fore, in which both anamonia appearing and amino 
nitrogen disappearing were followed. As in the first 
experiment ammonia N was liberated less rapidly in 
the presence of glucose, but the rate of disappearance 
of a-amino N was not affected (Fig. 1). Moreover, 
the data on uptakeof oxygon summarized in TableS 
are consistent witli the view that the observed 
stimulation in respiration arises from the siraul- 
lanoous and independent oxidation of glycine and 



Fig. 1. A, effect of glycine on the oxidation of glucose. 
B, release of ammonia N from glycine in the presence and 
absence of glucose. C, disappearance of a-amino N in the 
presence and absence of glucose. 

1-42 pmol. greater than the amino N that dis- 
appeared, whereas in the presence of glucose it was 
1’36 pmol. less. A reasonable explanation appears 
to be that the excess ammonia arises from endo- 
genous respiration and the deficiency from assimila- 
tion of liberated ammonia — an assimilation that is 
accompanied by a stimulation in oxygen uptake. 
The slight increase in the rate of oxygen uptake 
evident in the glucose plus glycine curve during the 
^t 2 hr. (Fig. \A) supports this view. This slow 
increase in rate attributable to growth during the 
2 hr. period, however, is not to be confused with the 
quantitatively rnuch greater stimulation which 
appears almost immediately on the addition of 
various nitrogenous compounds. 
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Effect of hacmogloiin 

The data in Fig. 2 summarize the results of an 
experiment designed to repeat the tests of Smith 
(1949) in wliich the significant, observation was made 
that haemoglobin even in the presence of excess 
carbon monoxide stimulated respiration of the root- 
nodule bacteria. Each point on the graph represents 
an average reading from two flaslvs. From the slopes 


1952 

of the lines the values for rates of oxygen. uptake 
given in the legend of the figure are obtained. 
Several conclusions can be drawn from these 
results which agree with the parallel data of Smith; 
however, our experiment includes additional tests 
at a low First, the percentage stimulation of 
oxygen uptake is somewhat greater at the lower 
. With horse haemoglobin. Smith noted that the 
stimulation of oxygen uptake was 111 % at a Pg, 


Curve 

A 

B 

C 

D 

E 

F 

G 

H 

I 



Fig. 2. 


Effect of hog haemoglobin on the oxygen uptake of Rhizobhim 


leguminosarum. 


Added solution 
Water 

Haemoglobin 

Haemoglobin 

Water 

Haemoglobin 
Denatured haemoglobin 
Water 

Haemoglobin 
Denatured haemoglobm 


Atmosphere 

Air 

Air 

Air with Pco O'Oo 
P02 0-01 

Po l 0 01 
Pol 0-01 

Pg" 0-01, Pco 0-05 
p- 0-01, Pco O Oo 
P„l 0-01, Pco O Oo 


O 2 uptake 
(pl./hr.) 

99 

182 

186 

32 

85 

47 

31 

47 

36 


Rate of O 2 
uptake relative 
to appropriate 
control 

100 

184 

188 

100 

266 

147 

97 

147 

113 
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of 0‘01 atm. 

0-20 atm. Second, 
(Po„, 0-20 atm 


as compared with 35% at a Pqj of 


a Fqo of 0-05 atm. m aw 
does not reduce the stimulation 


an increased rate of respiration was proportional to 
the conversion of ammonia to cellular nitrogen 
in Serratia marcesc&ns and concluded that ‘the 
bacterial protoplasm consumed oxypn at two rates, 


observed stimulation. Tliird, in contrast with the was in a resting condition - 


results found by Smith (1949) the heat-denatured 
haemoglobin we have used in these experiments did 
not inhibit oxygen uptake. This point is important, 
since if such inhibition occurs it could explain the 
results of Little & Burris (1947) as arising from a 
faulty control. In the particular experiment shown 
in Fig. 2 the denatured haemoglobin was, if any- 
thing, stimulatory (although much less than the 
undenatured haemoglobin), but in other trials 
denatured haemoglobin exerted neither definite 
stimulation nor inhibition of respiration in either 
air or at a of 0-01 atm. Finally, in agreement 
with the findings of Smith, we have noted that 
carbon monoxide per se at a Pco of 0‘05 atm. has 
little inhibitory effect on the rate of oxygen uptake 
in the absence of haemoglobin. 

A single test was made on the influence of the 
Pqj on the stimulation of respiration by amino- 
acids, but no consistent correlation was observed. 


DISCUSSION 

In seeking to interpret the results of the various 
investigations of the role of haemoglobin in nitrogen 
fixation by leguminous plants, fortvmately, few 
serious disagreements exist among the experi- 
mental findings. Haemoglobin definitely stimulates 
respiration of the root-nodule bacteria, but this 
stimulation is non-specific as demonstrated by 
tests with other bacteria. It appears unlikely that 
the observed stimulation can be associated with an 
oxygenation process in view of the results with 
carbon monoxide noted by Smith and confirmed in 
this paper. The inhibition of the stimulation by 
hydroxylamino reported byKasugai et al. might also 
bo included as evidence for rejection of the explana- 
f ion based on oxygenation. 

If haemoglobin is not performing its usual role, 
the proposal of Smith that the stimulation arises 
from an effect of nitrogenous compounds in changing 
the metabolism from that of resting coUs to that of 
proliferating colls deserves serious consideration. 
In recent years, several reports have appeared 
demonstrating that the respiration of various 
bacteria is increased in the presence of nitrogenous 
componnds, including ammonia. Armstrong & 
Fisher (1947) observed that when young cells of 
A'sr/i. co/i were supplied with ammonium chloride 
and n sovtreo of carbon, their rate of oxygen con- 
.sumption increased until the ammonium ion was 
exlinustcd, tlien the rate fell to 45 % of the maxi- 
mum. McLean & Fisher (1947, 1949) found that 


In the response of the rhizobia to the added 
sources of nitrogen, ‘ growth ’ in the usual sense can 
be ruled out, since; (a) the response is immediate, 
whereas the usual generation time of the organism is 
2-3 hr. ; (b) the quantity of nitrogen added is small — 
about 26 pg. in comparison with the 1 200 pg. present 
in the suspension; (c) the uptake is essentially 
linear with no indication of logarithmic growth. 
When observations are extended over a long period, 
some increase in the rate is observed (Fig. 1 A), but 
this increase is small and distinct from the increase 
observed immediately after addition of the source of 
nitrogen. Apparently many washed bacterial cells, 
including the rhizobia, devoid of a source of 
nitrogen carry on a resting metabolism of non -nitro- 
genous substrates, and when a nitrogenous com- 
pound is supplied they immediately assume a more 
rapid metabolism. As has been demonstrated in this 
paper, with the rhizobia this stimulation maj-- arise 
primarily, though not exclusively, from simul- 
taneous oxidation of an added source of carbon when 
an amino-acid is used as the nitrogenous compound. 
Obviously, this is not the explanation when the 
compound is inorganic. The response other than 
simple oxidation can be ascribed to a ‘growth 
process’, however, only in a special sense, as it 
essentially does not increase with time. It may be 
preparatory for an increase in size and number which 
follows some time later — one cannot help noticing 
that the effects resemble the so-called specific 
dynamic action of proteins and amino -acids in the 
animal cell rather than true growth. 

Although this effect of nitrogenous compounds in 
stimulating respiration is an attractive explanation 
of the results obtained with haemoglobin and the 
rhizobia, it leaves several experimental facts un- 
explained. First, it must be assumed that native 
haemoprotein will serve as a nitrogen source for the 
rhizobia, but heat-denatured haemoprotein will not. 
The fact that the proteolytic enzymes of the rhizobia 
are extremely weak (Berger, Johnson & Peterson, 
1938) makes it improbable that they would use either 
form of the intact protein. Dialysed egg white was 
not active in stimulating respiration. Secondly, the 
curious fact remains that at a low the effect of 
haemoglobin is enhanced (Little & Burris, 1947). In 
a smgle experiment reported by Smith (1949) the 
percentage stimulation in uptake of oxygen was 
over 3 times as great at a of 0-01 atm. as at 
0-20 atm. In lunjted trials we were unable to ob- 
tein a smular effect with a low on stimulation 
ot respiration by ammo-acids. Finally, although 
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carbon monoxide does not inhibit the stimnlation 
when the experiments are made at a of about 
0-20 atm., it does appear to inliibit when the is 
O'Ol atm. This effect may be important in the soil, 
where the Pq„ is considerably lower than in air. 

In summary, the observed stimulation of respira- 
tion by haemoglobin apparently does not involve 
its acting as a carrier of molecular oxygen, but 
neither does it appear to be an experimental arti- 
fact. Its action may require a change in valence of 
the iron, but whether this change is directly associ- 
ated with nitrogen fixation or indirectly tluough 
respiration is as yet unresolved. In either case the 
mechanism remains obscure. Although the view 
that haemoglobin in the nodule participates directly 
in the fixation reaction has considerable indirect 
support, its plausibility would be materially in- 
creased if the possibility of an effect on respiration 
could be eliminated. At present the best outlook for 
this appears to be the resolution of the difficulties 
just discussed. 

SmiMARY 

1. Certain amino -acids and inorganic nitrogen 
salts increased the respiration of washed suspensions 
of root-nodule bacteria furnished with glucose. This 
stimulation was immediate and did not increase 
appreciably with time during the period of measure- 
ment (up to 4 hr.). 

2. The initial increase in rate was constant over 
a wide range of concentrations, but the total in- 
crease of oxygen uptake was dependent upon the 
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concentration of nitrogenous compoimd supplied. 
Young cells were stimulated somewhat more than 
old cells. 

3. In the presence of glycine, the uptake of 
oxygen by Rhizobium trifolii furnished with glucose 
was more rapid than in its absence; much, though 
not all, of this stunulation apparently arises from 
oxygen used in the oxidation of the glycine, 

4. The respiration rate of washed cells of S. 
leguminosarum supplied with glucose was enhanced 
by the addition of hog haemoglobin. The percentage 
increase was greater at a of 0-01 atm. than at 
0-20 atm. A i^o of 0-05 atm. did not reduce this 
stimulation at a of 0-20 atm. but did so at a of 
0-01 atm. Heat-denatured haemoglobin had little 
influence on the rate of oxygen uptake. 

5. Even though the respiration of the rhizobia is 
enhanced by added nitrogenous compoimds, the 
assumption that haemoglobin increases respiration 
by the same mechanism does not necessarily follow. 
Certain experimental findings are inconsistent with 
this explanation. 

6. Although direct participation of the nodular 
haemoglobin in the nitrogen-fixation reaction 
appears to be an attractive and plausible function, 
examination of the evidence to date suggests that 
other alternatives have not been eliminated. 

Published with the approval of the Director of the 
Wisconsin Agricultural Experiment Station. Supported in 
part by grants from the Rockefeller Foundation, and the 
Research Committee of the Graduate School from funds 
provided by the AVisconsin Alumni Research Foundation. 
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The Characterization and Assay of Enzymes in Rat Adrenal Cortex 

1. ESTERASE AMD PHOSPHATASE ACTIVITIES 
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There is evidence that significant changes may take 
place in the activities of enzymes present in secreting 
glands under the influence of regulatory hormones. 
Gutman & Gutman (1938) reported increases in the 
acid phosphatase activity of prostate during the 
development of the epithelia induced by testo- 
sterone. According to Fuenzalida (1949), prolonged 
oestrogen treatment causes an increase in alkaline 
phosphatase activity in guinea pig uterus. Large 
increases in arginase and alkaline phosphatase 
activities in the mammary gland during lactation 
have been found by Folley & Greenbaum (1947). 

Evidence regarding the nature of similar changes 
taking place in the adrenal cortex has been largely 
histological. Characteristic alterations in lipid 
metabolism in this gland in the rat, following hypo- 
physeotomy, were indicated by the work of Reiss, 
Balint, Oestreicher & Aronson (1936). Variations in 
alkaline phosphatase content under different endo- 
crine conditions have been investigated in the mouse 
and rat by Elftman (1947) and by Dempsey, Greep & 
Deane (1949). Chemical studies, however, have 
so far been limited, though isolated observations, 
sometimes of a qualitative kind, have from time 
to time been reported. The presence of a lipase 
(i.o. tributyrinase) in the tissue was demonstrated 
by Cheboksarov & Mallun (1927) and by Scoz & 


referred to throughout as the ‘aliphatic esterase . 
Some related observations on cholinesterase activity 
are included. 

METHODS 

Preparation of tissue homogenates 

The demedullated adrenals of albino rata have been used 
exclusively as a source of enzyme. The rats were killed by 
decapitation, the carcasses exsanguinated, and the adrenals 
rapidly removed, cleaned from adherent fat, then opened 
laterally with fine scissors, and the Inedullae removed from 
both halves. The pooled demedullated adrenal tissue ob- 
tained from a number of rats was weighed, rapidly washed 
•with cold -water by decantation to remove e-xcess blood, and 
homogenized in cold distilled water in a Potter-Elvehjem 
(1936) homogenizer. After making to the appropriate 
volume with dbtUled water and mixing thoroughly, the 
homogenate was allowed to stand 1-2 min. to allow the 
capsular debris to settle, then decanted carefully off. 

Aliphatic esterase and cholinesterase activity 

These were usually followed at 37° by use of the Ammon 
(1933) technique. Tissue homogenate (1 ml.) containing a 
suitable wet weight of tissue (12-18 mg. for aliphatic 
esterase and 40 mg. for cholinesterase) was incubated in 
NaHCOj (0-027M) medium with the ester, the total fluid 
volume being 3 ml., in an atmosphere of 6% COo/Nj. COj 
output was measured at regular intervals for a period of 
30-60 min. and corrections made in each case for spon- 


Mnrinni (1939); this would seem to be of import- 
ance in relation to the lipid changes observed by 
Reiss el ah (1936). Chemical proof of the existence 
of an adrenal cortical phosphomonoesterase has 
also been furnished (Granger & Bessoles, 1945). 

A knowledge of the properties of the various 
onzjTno sj’stoms present in the adrenal cortex, and 
the manner in which they are influenced by different 
endocrine factors, may be important in connexion 
with the processes governing the secretory activity 
of the gland. Investigations on these lines have 
nccordinglj’’ boon initiated, and the present paper 
contains an account of the experimental ■work so far 
Cfirriod out to characterize the lipase and phos- 
jihntaso activities shown by aqueous homogenates 
of adrenal cortical tiasuo, and to devise suitable 
methods for their accurate assay in small quantities 
of tissue. Since tributjwin has been used as the 
principal tost substrate for lipase, the latter ^viH be 
Biochem. 19.'i2, 51 


taneous hydrolysis. Activities are expressed as pi. COJ 
30min./g. In preliminary e.xperiments, aUphatic esterase 
activity was tested against a series of simple esters; most of 


rue experiments witn this system, however, were periormed 
with tributyrin as substrate. 0-2 ml. of the pure ester (more 
than sufficient to saturate the system) was used. For 
cholinesterase activity, the substrate consisted of acetyl- 
choline (ACh, 6-12 mil), acetyl- ^-methylcholine (MeCh, 
12 msi) or benzoylcholine (BCh, 6 mM). It was confirmed 
that the ester concentrations were in every case adequate to 
ensure ma.vimal hydrolysis rates. In some experiments 
selected inhibitors were included in the incubation mixture. 

For following the hydrolysis of the glyceryl acetates, a 
variation of the titration method of ICnaffl-Lenz (1923) was 
employed at room temperature, on account of the rather 
high rates of spontaneous hydrolysis shown by these esters 
inNaHCOjatSI”. The homogenate (1 ml. of 40 mg./ml )was 
diluted with water (5 ml.) and 0-3 ml. bromothymol blue 
(0'1%) added. The ester (1 ml.) was added, the mixture 
to neutral by cautious addition 
of baOH solution (0-01 x). Enzyme and substrate blanks 


7 
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were also set up. The time was noted, and the pH of the 
mixtures continuously adjusted by additions of 0-01 N- 
NaOH from a micro-burette. The total volume of alkali was 
recorded at intervals. Each of the reaction mixtures in a 
run was matched against a colour standard consisting of 
6 ml. 0-033M-phosphate pH 74 buffer -tl ml. homogenate 
-tO-3 ml. bromothymol blue. 
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^ycerophosphate. The sample used was found to contain 
• /o of the a- and 91-3 % of the /S-isomer, when analysed 
by the method described by Motzok & Wynne (1950). 


RESULTS 


Phosphatase activity 

Eour types of phosphatase activity were studied — 
alkaline and acid phosphomonoesterase, inorganic p 3 rro- 
phosphatase and adenosinetriphosphatase (ATP-ase). 
Activities were measured at 37° by estimation of ortho- 
phosphate liberation, using as substrates sodium glycero- 
phosphate, Na^PjO, or ATP. In the standard procedure the 
tissue suspension was added to 2 ml. Walpole acetate or 
Michaelis veronal buffer solution. (The pH values recorded 
were those of the final mixtures, including substrate and 
enzyme.) The total volume of the reaction mixture in each 
case, including activating substances where necessary, was' 
4 ml. Appropriate enzyme and substrate blanks were also 
set up. The conditions employed for the different types of 
phosphatase activity were as follows; 

Alkaline phosphomonoesterase (pH 9-6). Tissue concen- 
tration was 4r-l mg./ml., substrate concentration 6-20 msi, 
andincubation period 1 hr. MgClj (5 mM) was included as an 
activator. 

Acid phosphomo^ioeslerase (pH 5'2). Tissue concentration 
was 4-7 mg./ml., substrate concentration 6-18 mat, and 
incubation period 2 hr. MgClj was omitted. 

Pyrophosphatase (pH 74). Tissue concentration was 
1-1 ‘3 mg./ml., substrate concentration 1 mat, and incuba- 
tion period 20-30 min. MgCL (8 mai) and cysteine (CySH, 
10 mat) were included as activators. 

Adenosinetriphosphatase (pH 74). Tissue concentration 
was 1-5-2-0 mg./ml., substrate concentration l-7-3'0 mat, 
and incubation period 15 min. lilgClj (4 mat) and CySH 
(10 msi) were included as activators. 

"Variations in the above conditions were made to establish 
optimal conditions for enzyme assay. In experiments where 
inhibitors were used, they avere included in the incubation 
mixture prior to addition of substrate, except in the case of 
alcohol, where the conditions employed by Abul-Fadl & 
King (1949) were emploj'ed. 

The tubes containing the reaction mixtures avere shaken at 
37° for the appropriate incubation period and then treated 
with 10% CCI3COOH (2 ml.) and allowed to stand 20 min. 
before filtration. Orthophosphate was estimated in suitable 
portions (usually 3 ml.) of the filtrate by the method of Fiske 
& Subbarow (1925), the colours being read on the Spekker 
photoelectric absorptiometer, using Ilford orange filters. 
Results are expressed as /imol. substrate decomposed/ 
30 min./g. wet wt. tissue. (In the case of ATP-ase, it was 
assumed that only one orthophosphate group was liberated 
during the short period of incubation employed.) It was 
confirmed that none of the substances used as inhibitors 
was able to interfere mth the Fiske-Subbarow estimation 
under the conditions used. 

Adenosinetriphosphate. A commercial sample of the 
barium salt was washed with ice-cold pH 4-0 acetate buffer 
(04 m) as recommended by Komberg (1950) and converted 
to the sodium salt by the method of Bailey (1942). The 
concentration was checked by a 7 min. hydrolysis test. 


Hydrolysis of aliphatic and choline esters 

Initial rates of hydrolysis shown by a series of 
simple esters of primary alcohols, compared with 
tributyrin, are shown in Fig. 1. Only n-butyl n- 
propionate showed a hydrolysis rate higher than 
tributyrin, while the methyl, ethyl, n-propyl and 
n-butyl esters of n-but 3 T:ic acid were all split at 
considerably lower rates. Rates of hydrolysis of 



Fig. 1. Hydrolysis of aliphatic esters by rat adrenal cortex 
at 37° (measured manometrically). Tissue homogenate 
with 0-066% (v/v) ester. A, tributyrin; B, n-butyl ace- 
tate; C, n-butyl propionate; D, n-butyl butyrate; E, n- 
propyl butyrate; F, ethyl butyrate; O, methyl butyrate. 

glyceryl acetates compared with tributyrin, 
measured by the titration technique, are illustrated 
in Fig. 2. The hydrolysis rates of monoacetin and 
diacetin were much lower than for triacetin, which 
itself showed a rate of hydrolysis roughly com- 
parable with, though rather less than, that of tri- 
butyrin. In view of the relatively greater activity 
towards the triglycerides, the possibility of the 
enzyme system acting on natmal fats such as triolein 
wms examined. There was, however, no evidence of 
any measurable activity towards emulsified triolein, 
when tested by the methods described, or when 
the method of 'Willstattor, Waldsehmidt-Leitz & 
Memmen (1923) was applied. It is evident that the 
lipolytic activity of the adrenal cortex is of a different 
character from that of the pancreas ; it appears, in 
fact, to bear a closer resemblance to the plasma 
esterase studied by Adams & I^Tiittaker (1949). The 
activity was proportional to tissue concentration 
over the range 1-7 mg./ml., so that accurate assays 
of activity levels are possible. 
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Compared with the hydrolysis of tributyrin the 
rates of hydrolysis of choline esters are low. A 
typical experiment gave activities of 8950 with 
trii 3 utyrin, 636 with ACh, 338 with MeCh, and 150 
with BCh. The higher activity with MeCh compared 



rig. 2 . Hydrolysis of glycerides by rat adrenal cortex 
at 20° (measured titrimotrioally). Tissue homogenate 
with 0'14% (v/v) eater. A, tributyrin; B, triacetin; 
(7, diacotin; D, monoacotin. 

with BCh has been previously noted for adrenal 
cortex by Sawyer & Everett (1947) and for whole 
adrenals by Ord & Tliompson (1960). This observa- 
tion would appear to place it in the ‘specific’ 
cholinesterase class, according to the nomenclature 
of JIcndel & Rudnoy (1943). 

Effects of inhibitors. To assist in the further 


characterization of these esterase systems the in- 
fluence of a number of substances on the activity 
was studied. Substances tested were the sodium 
salts of bile acids, which were found to activate 
pancreatic lipase (Holwerda, 1938); also henzalde- 
byde, sodium fluoride and copper sulphate, all of 
which inhibit pancreatic lipase (Weinstein & 
Wynne, 1935) . In addition, it was of interest to test 
the effects of certain cholinesterase inhibitors, in 
view of the relatively greater activity of the 
enzyme towards MeCh, compared with BCh. Sub- 
stances of this typo studied were eserine, which 
inhibits both specific and non-specific cholin- 
esterases (Hawkins & Mendel, 1946) ; the compoimd 
Nu 1250, i.e. the JV-p-chlorophenyl-W-methylcar- 
bamate of m-hydroxyphenyltrimethylammonium 
bromide, which is regarded as a selective inhibitor of 
specific cholinesterase (Hawkins.* Mendel, 1949); 
and two compormds which show selective toxicity to 
the non-specific cholinesterase, i.e. the compounds 
Nu 683 (the dimethylcarbamate of 2-hydroxy-5- 
phenylbenzyltrimethylammonium bromide, Haw- 
kins & Gunter, 1946) and 2987 k.p. (N-diethyl- 
aminoethylphenothiazine, Gordon, 1948). ACh 
only was used as substrate for cholinesterase in these 
experiments. 

The results are seen in Table 1, and reveal several 
interesting features. The hydrolysis of tributyrin 
was strongly inhibited by the sodium salts of cholic, 
deoxycholic and tauroglycocholic acids, but only 
slightly affected by benzaldebyde — ^this contrasts 
with the behaviour of the lipase of pancreas, 
though the adrenal cortex enzyme is inhibited by 
sodium fluoride and by copper sulphate. None of the 
cholinesterase inhibitors produced any marked 
effect on the hydrolysis of tributyrin. Cholinesterase 


Table 1. 


Effects of various substajices 07i aliphatic esterase. 

of rat adrenal cortex at 37° 






Added substance 
Sodium cholatc 
Sodium dooxycholato 
Sodium tauroglycocholnte 
lienzaldohvdo 
CuRO, ‘ 

NaF 
2flS7 n.r. 

29S7 n.r. 

2t'S7 n.v. 

Xu I-riO 
Xu C.S3 
Nu 12.">0 
Nu GS.-; 

I'Ncrine sulpliato 


Conen, 

(mat)* 

7 

2-4 

3 

9‘lf% (v/v> 
01 
40 

0 022 
01 
0-3 

5 X 10-» 

3 X 10-’ 
5x10-5 
5 X 10-5 
01 


Inhibition of activity 

(%) 


Aliphatic 
esterase 
(0-066% tributyrin 
as substrate) 

58 

91 

89 

12 

94 

50 


0 

4 


Except vhcro stated otherwise. ^ Using 6 mn-ACh. 


Cholinesterase 
(12 msi-ACh 
as substrate) 

14 

2 

0 

18 

10 

54 

62 

72 

24f 

93 } 

2 

48 

72 


7-2 
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activity, on the other hand, was uninfluenced by 
the substances which inliibited tributyrin hydro- 
lysis, with the exception of sodium fluoride. The 
effects of the cholinesterase inhibitors on cholin- 
esterase activity were somewhat unexpected. 
2987 R.p. inliibits strongly in a concentration of 
0-022 mar, though concentrations up to 0-5 mw 
were previously found ineffective against speciflc 
cholinesterase in brain or plasma (Gordon, 1948). 
Only moderate inhibition was caused by 0-005 mM- 
Nu 1250, which in 0-001 mM concentration almost 
completely mhibits speciflc cholinesterase in brain 
and erythrocytes (Hawkins & Mendel, 1949). 
Nu 683, however, in similar concentrations, pro- 
duced marked inhibition. These findings make it 
difficult to classify adrenal cortical cholinesterase 
on the basis of Mendel & Rudney’s (1943) system. 
At the same time, it is clear that the choline esterase 
and aliphatic esterase systems are distinct from 
each other. 

Phosphatase activities 

Bjfcct of pH on activity. Phosphomonoesterase 
activities at various pH values, with glycerophos- 
phate as substrate, are indicated in Fig. 3. This type 



Fig. 3. Effect ofpH on phosphomonoesterase activity of rat 
adrenal cortex at 37°. Tissue homogenate with 6 msi- 
sodium glycerophosphate. Mg++ absent. 

of activity shows the usual characteristic pH 
optima in the acid and alkaline regions, as in most 
animal tissues. Only one optimum pH value was 
found in the acid region ; there was no evidence of a 
second acid optimum, as has been found for ery- 
throcytes (Roche, Thoai & Baudouin, 1942; Abul- 
Fadl & King, 1949). With sodium pyrophosphate or 
ATP as substrates, the optimum pH was 7-4 (Fig. 4). 
The presence of a strong ATP-ase activity in 
adrenals has already been reported (Zeller, 1948). 

Influence of substrate concentration. The effects of 
substrate concentration are seen in Figs. 5 and 6. 
Well defined optimal substrate concentrations were 
obtained with pjuophosphatase (0-3 nui) and ATP- 
ase (1-5 msi). The effects with acid and alkaline 
phosphomonoesterases were not so clear-cut; on 
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the basis of these results, however, a substrate 
concentration of 18-20 mM provides near-optimal 
conditions. 



Fig. 4. Effect of pH on phosphatase activity of rat adrenal 
cortex at 37°. , 1 mM-NajFjO, + 8 mM-Mg++; B, 1-7 msi- 

ATP -^4 mM-Mg++, 



Fig. 5. Effect of substrate concentration on phosphomono- 
esterasB activity of rat adrenal cortex at 37°. Sodium 
glycerophosphate as substrate. A, pH 9-6; B, pH 5-2. 



Concentration of ATP (mM) 


Fig. 6. Effect of substrate concentration on phosphatase 
activity of rat adrenal cortex at 37° and pH 7-4. 
A, with 20 mM-Mg++. B, ATP with 4 mM-Mg++. 
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Activationhy'Hi.g-^^. The behaviour of the different 
systems towards magnesium is sunilar to that foxmd 
in other tissues— alkaline phosphatase is activated 
appreciably by Mg++ in concentrations of 1-1® 
but acid phosphatase is not perceptibly influenced. 
Mg++ is essential for the activity of pyrophosphatase 
and shows an optimal effect at 4 mM. ATP-ase is 
markedly stimulated by Mg++, the effect bemg 
maximal at 3-4 nur, but declining again at higher 
concentrations. Ca++ also activates ATP-ase, but 
not to the same extent as Mg++. 


adrenal cortical enzymes 

constant rate, are constant up to a stage which 



covers the assay conditions. 

Effects of various substances on acid phosphatase. 
Since the acid phosphatases of different tissues 
respond differently to certain inhibitors, it of 
interest to test the action of some of these inhibitors 
on the adrenal cortex enzyme. The substances tried 
were selected from those used by Abul-Fadl & King 
(1949) in the differential characterization of plasma 



Pig. 7. Effects of cysteine on phosphatase activities of rat 
adrenal cortex at 37°. A, 12 mM-sodium glycerophos- 
phate +5 mM-Mg++, pH 9-6 ; B, 18 mM-sodium glycero- 
phosphate, pH 5-2 j C, lmM-Na4PjO,-l-8mM-Mg++, 
pH 74; H, 1-9 mn-ATP +4 mM-Mg++, pH 7-4. 

Effects of cysteine. CySH was found to bring about 
definite activation of both pyrophosphatase and 
ATP-ase (Fig. 7), the maximum effect being pro- 
duced with a concentration of 5-12 roM. Alkaline 
phosphatase, like that of some other tissues, was 
strongly inhibited by CySH, but acid phosphatase 
was uninfluenced. 

Effects of tissue concentration. Fig. 8 shows the 
effects of tissue concentration. Good proportion- 
ality was obtained with the phosphomonoesterases 
at concentrations up to 8-5 mg,/ml. for alkaline 
phosphatase and 7-5 mg./ml. for acid phosphatase. 
With pjTophosphatase and ATP-ase the inclusion 
of CySH ns a co-nctivator is important from the 
point of view of enzyme assay; in its absence, a non- 
linear tissue concentration curve was obtained, but 
the linear relationship was restored when CySH was 
present. This phenomenon is possibly duo to a 
protective action against partial deactivation by 
oxitlation. 

Progress of hydrolysis. Ratos of hydrolysis remain 
constant in each case for periods of time well outside 
the selected times used in the assay'. For ATP-ase, 
the relationship holds up to 30% decomposition, 
and for pyrophosphatase up to CO % decomposition, 
of substmte. The phosphomonoesteraso activ'ities, 
though not .studied up to the maximmn period of 


Fig. 8. Effects of tissue concentration on phosphatase 
activity of rat adrenal cortex at 37°. A, 19 mM-sodium 
glycerophosphate, pH 5-2; B, 6 mM-sodium glycero- 
phosphate, pH 9-6 ; 0, 1 mM-NaiPjO, in presence of 
8 mM-Mg++ 10 mM-CySH, pH 7-4; D, 3 mM-ATP in 
presence of 4 mM-Mg++ -(■ 10 mM-CySH, pH 7-4. 

acid phosphatases. Results are shown in Table 2. 
The behaviour was to some extent similar to that of 
the red-cell acid phosphatase. Ethanol and form- 
aldehyde inhibited substantially; copper sulphate 

Table 2. Effects of various substances on acid 
phosphatase activity of rat adrenal ceyrtex at 37° 

(Acetate buffer, pH.5-2. Sodium glycerophosphate 
(18 mM) as substrate. In the case of ethanol the tissue was 
pre-incubated with 0-4 vol. ethanol before making up the 
incubation mixture; otherwise the inhibitors were added 
directly to the incubation mixture.) 


Conen. Inhibition 

Added substance (mM) (%) 

Peso, 10 0 

^SO, 0-2 86 

Formaldehyde 170 30 

Formaldehyde 600 73 

Ethanol gg 

Sodium nn-tartrate — 91 


in low concentration also caused strong inhibition, 
but ferrous sulphate was without effect. On the 
other hand, the enzyme was strongly inhibited by 
DL-tartrato, which does not affect the red-cell 
enzy-me (Abul-Fadl & King, 1949). 
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DISCUSSION 

The investigations indicate the general behaviour 
of the esterase and phosphatase reactions of the 
adrenal cortex, though the role of these systems in 
adrenal cortical function must clearly require much 
more detailed and extensive studies. 

It seems doubtful whether the term ‘ lipase ’ can be 
applied to the tributjTinase action of adrenal cortex 
homogenates, in view of the apparent inactivity 
towards triolein, and the different response shown to 
bile salts as compared wdth pancreatic lipase. Since 
the earlier reports on the existence of an adrenal 
cortical lipase were based on its activity towards 
tributyrin, the point only involves a question of 
nomenclature. Since the enzyme bears a closer 
resemblance, with respect to substrate specificity, 
to the esterase of human plasma (cf. Adams & 
I^Tuttaker, 1949), the term ‘aliphatic esterase’ 
would be the more appropriate. 

The influence of various inhibitors on the ali- 
phatic esterase and cholinesterase activities suggests 
that choline esters are hydrolysed by an enzyme 
system which is distinct from the aliphatic esterase, 
though the latter is present in so much greater 
strength. The results on cholinesterase activity are 
not easy to interpret. Although acetyl-)3-methyl- 
choline is attacked much more readily than ben- 
zoylcholine, the designation of ‘true’ or ‘specific’ 
cholinesterase is contra-indicated by the anomalous 
behaviour towards the selective inhibitors used. 
Further light on this matter would perhaps be 
thrown by experiments using a W’ider range of in- 
hibitors. It seems possible in any case that cholin- 
esterase plajfs a less important role in the cortex 
than in the medulla. It has been reported (Lange- 
mann, 1942) that the enzyme is present in much 
greater strength in the medulla than in the cortex ; 
this was confirmed during the course of the present 
work by a few rough measurements (not reported) 
on pooled separated meduUae, which indicated 
reaction rates approximately three times as high as 
for cortex. This distribution may be connected 
wdth the relative distribution of post-ganglionic 
sympathetic nerve fibres in the gland. 

The properties of the adrenal cortical phosphat- 
ases, especially in regard to their pH optima and 
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the maimer in which they are influenced by mag- 
nesium ions, are broadly similar to those of other 
tissues. ATP-ase and pyrophosphatase show 
characteristics similar to those of the corresponding 
water-extractable enzjmes of other animal tissues; 
ATP-ase is activated by calcimn and magnesium 
ions (cf. Franlc, Lipsehitz & Barth, 1950), the latter 
being the more effective, while pyrophosphatase 
is only active in presence of magnesium ions 
(cf. Naganna &Menon, 1948; Gordon, 1950). 

At the present stage, perhaps the most important 
result arising from the investigations just described 
is the demonstration that, with the exception of 
cholinesterase, the levels of activity of all the 
enzyme systems concerned may be assayed in 
quantities of cortical tissue obtainable from the 
adrenals of an individual rat, so that the investiga- 
tion of changes takingplace imder various abnormal 
conditions may be readily undertaken. 

SUMMARY 

1. Homogenates of demedullated rat adrenals 
show greater esterase activity with triacetin and 
tributyrin than with ahphatic esters of primary 
alcohols, and are inactive towards triolein. Choline 
esters are hydrolysed much less readily than 
tributyrin, 

2. BUe salts and copper sulphate inhibit the 
aliphatic esterase. Eserine, the dimothylcarbamate 
of 2-hydroxy-5-phenylbenzyltrimethylanimonium 
bromide (Nu683) and JV-diethylaminoethylpheno- 
tbiazine (2987 ».?.), but not the N-p-chlorophenyl- 

JM-methylcarbamateofm-hydroxyphenyltrimethyl- 

ammonium bromide (Nu 1250), inhibit the cholin- 
esterase. 

3. The phosphomonoesterase, pyrophosphatase 
and adenosinetriphosphatase activities of such 
homogenates have also been studied. Acid phos- 
phatase is inhibited by copper sulphate, formalde- 
hyde, ethanol and nn-tartrate, but not by ferrous 
sulphate. 

I wish to record my indebtedness to Jlr S'. E. Badrick for 
valuable tecbnical assistance, to Dr M. Reiss, the Head of 
the Department, for his interest in the subject, and to 
Dr E. Bergel, of Messrs Roche Products Ltd., for supplies of 
the synthetic compounds Nu 683 and Nu 1250. 
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The Oxidation of Myoglobin to Metmyoglobin by Oxygen. 1 

By P. GEORGE Airo C. J. STRATMANN 
Department of Colloid Science, University of Cambridge 

{Received 19 July 1951) 


Tho study of the oxidation of haemoglobin and 
myoglobin to methaemoglobin and metmyoglobin 
by molecular oxygen is important in understanding 
tho stability of oxyhaemoglobin and oxymyo- 
globin. 

Brooks (1931, 1935) investigated the oxidation of 
haemoglobin (Hb) to methaemoglobin and found 
t hat under constant conditions of oxygen pressure, 
pH , salt concentration and temperature the reaction 
was first order with respect to the concentration 
of unoxidized haemoglobin, and that the rate of 
oxidation had a well defined maximum value at a 
low oxygen pressure (about 20 mm. at 30°). 

Logge (1942) suggested the spontaneous decom- 
position of one of the oxygenation intermediates 
Hb^iO.); ns a reaction mechanism to account for 
these results. Later Lemberg & Leggo (1949) 
amplified this mechanism by assuming the partici- 
lintion of two oxidiznblo XH„ groups on the protein 
to make possible an intramolecular reaction fitting 
tho stoicheiometric rolntion; 

Hb,(0,). + 2XH, ^ Hb4(OH), + 2X. (A) 

George (1949) jiut forward an alternative repre- 
sentation of tho kinetics and discussed a possible 
intormoloeulnr free radical mechanism which avoids 
some difficulties inherent in an intramolecular 
niechanism (George, 1952). 

An investigation of tho oxidation of mj'oglobin 
.should belli in deciding between mechanisms of this 
kind, for, since myoglobin has only one haem 
group per molecule, a reaction of type .4 occurring 
in this system should necc.ssarily bo second order. 


This paper deals with the general chemistry of the 
reaction — choleglobin and denatured protein forma- 
tion — the overall stoicheiometry and the results of 
a kinetic study to establish this point. 

In this paper the symbols Mb, Mb02> Met!Mb are 
used to represent reduced myoglobin, oxymyo- 
globin and metmyoglobin respectively. Similarly, 
in the case of haemoglobin, the corresponding 
symbols Hb, HbOj and MetHb are used. 

MATERIALS AND METHODS 

Preparation of pure, recrystallized equine metmyoglobin: 
The method employed is based on that of Theorell (1932) and 
Laivrie (1951). Four hearts were usually processed. After 
machine-mincing, the muscle tissue was extracted with 
water, the solution neutralized and treated with 1/5 of its 
volume of saturated, basic lead acetate to remove muscle 
globulins and other impurities. After centrifugation, the 
solution was again neutralized and sufficient solid Na 3 P 04 
to remove excess lead was added. The pH was once more 
returned to 7-0 by addition of solid NaH 2 P 04 and the solu- 
tion was centrifuged. It was found particularly important 
to adjust the pH to 7-0 at the points indicated above in 
order to obtain the maximum yield. It was also desirable to 
keep the temperature as near 0° as possible throughout the 
preparation. The JletMb solution was further purified by 
crystallization, induced by saturation of the solution with 
ammonium sulphate, followed by solution in 3M-phosphate 
buffer of pH 6-8. This treatment separates the MetMb from 
any traces of haemoglobin which may be present since 
haemoglobin is almost completely insoluble in phosphate 
buffer of this molarity (Morgan, 1935). 

La,stly, the material was dissolved in the desired buffer 
solution (see below), traces of (XH,) 3 S 04 were removed by 
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dialysis and the material stored at 0°. The yield averaged 
IT g. SletMb/kg. of heart. The concentration and purity of 
the sample were determined by the method described by De 
Duve (1949). 

^lyoglohin solutions. The myoglobin solutions were 
buffered heavily as described by Brooks (1935) with 
K2HPO4 and KH2P04, the total concentration of phosphate 
being 0-6 m and the HPOr/HjPO^ ratio 0-159/0-841. This 
gives the pH as 5-69 at 30°. The use of the heavily buffered 
solution has the advantages of preventing both microbial 
contamination and change of pH during the experiment. 
The latter is particularly important because the oxidation 
rate is dependent on the H ion concentration. 

Before each experiment MetMb was converted into 
MbOj by first reducing to the ferrous form by addition of a 
small quantity of sodium hydrosulphite. Excess hydro- 
sulphite is rapidly oxidized by atmospheric oxygen when the 
flask is gently shaken, and MbOj is formed. 

Methods of analysis. Spectrophotometrio methods of 
analysis were employed for the determination of MbO^ and 
MetMb. The instrument used was a Unicam quartz spectro- 
photometer. Using a wavelength of 575 mp. the millimolar 
extinction coefficient was very near to 11-0 for MbO^ 
and 3-0 for MetMb at pH 5"69. These values varied slightly 
for different preparations. The solutions obeyed Beer’s Law. 
At the beginning of each experiment the optical density of 
the pure MetMb solution was recorded. The MetMb was then 
converted into MbOj and the optical density recorded. 

The fraction of MbOj in a given solution containing a 
mixture of Mb02 and MetS’fb was determined by com- 
paring the optical density of the solution with the corre- 
sponding optical densities of the two solutions containing 
100% JlbOj and 100% MetMb. It was found most con- 
venient to work with optical densities between 0-6 and 0-8 
for Mb02 with the corresponding densities of O-IO and 0-22 
for MetMb. When using solutions of higher concentrations 
than would give values of this order of magnitude, appro- 
priate dilution was made before reading in the spectro- 
photometer. 

Apparatus and experimental method. MetMb solution 
(16-20 ml.) at the desired dilution was placed in the reaction 
flask, which was boat-shaped like those used by Meldrum 
& Roughton (1934), but without the partition along the 
bottom. The flask was placed in an ice bath and a minute 
quantity of sodium hydrosulphite added. The solution was 
gently shaken until the Mb was converted into Mb02. 
All oxidation experiments were carried out in air at 30° 
in O-flM-phosphate buffer, pH 6'69, using the following 
procedmre: 

The solution (6 ml.) was withdrawn from the flask by 
means of a pipette, the optical density measured, and the 
solution returned to the flask. The flask was then transferred 
to the thermostat at 30°. The starting point of the reaction 
was taken at the time when the flask was placed in the ther- 
mostat. The flask was shaken mechanically 40 times/min., 
producing a small wave moving backwards and forwards 
across the surface of the solution, thus ensuring efficient 
stirring and renewal of the surface. At intervals 5 ml. 
samples of the solution were removed from the reaction 
flask, the optical density measured and the solution quickly 
returned to the flask. MTien using more concentrated solu- 
tions a smaller sample was removed and the appropriate 
dilution made before measuring the optical density. Results 
were recorded as percentage MbO. in the mixture from the 
time of the start of the experiment. 
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Warburg manometers were used in measuring the con- 
sumption of O2 during the autoxidation in air; 1-3 x IQ-’m 
solutions of myoglobin were used and the absorption of Oj 
measured after the flask had been equilibrated. Calculations 
showed that no significant decrease in the Oj pressure 
occurred as a result of the observed O2 absorption. The same 
technique was used to measure the evolution of Oj when 
MbOj was acidified with 1-0 M-metaphosphoric acid and HCl. 

Cholemyoglohin formation. Under the conditions of the 
experiments there was the possibility that cholemyoglohin 
might be formed. In order to test for this the following 
method was employed: two samples of myoglobin solution 
were taken, one immediately before an oxidation experi- 
ment was begun and the other 3 hr. later. Each sample was 
converted into the CO-haemochromogen by the method 
described by Lemberg, Legge & Lockwood (1941) and the 
spectrum examined over the range 600-650 mp. 

Denaluration check. In order to determine whether an3’ 
denaturation of the protein occurred during the reaction, 
use was made of the reaction between MetMb and NaNj. 
On the addition of NaNj to a MetMb solution it is converted 
into the azide-metmyoglobin compound, the spectrum of 
which has two strong but diffuse bands at 676 and 542 mp. 
Since only the ferric derivative of the native protein forms 
a complex with azide (Keilin, 1936) any change in the 
spectrum of the azide compound would be indicative of 
some change in the protein. Metmyoglobin solution (6 ml.) 
at pH 5'69 was treated with excess NaNa and the spectrum 
examined over the range 600-650 mp. A separate 15 ml. 
sample of the same solution was converted to MbOj and 
allowed to oxidize as above for 3 hr. At the end of this time 
the material was oxidized fully by the addition of a small 
quantity of potassium ferricyanide. Azide was then added 
and the spectrum examined as before. 

RESULTS 

Oholeglobin and denaturation check 

In 3 lir. 60 % of metmyoglobin was formed from 
oxymyoglobin. Using the methods described above 
it was shown (Figs. 1 and 2) that no detectable 
amount of either choleglobin or denatured protein is 
formed. 

Oxidation kinetics 

The metmyoglobin formation was measirred at 
10 and 20 min. intervals for four initial concentra- 
tions of oxymyoglobin: 0-296, 1-18, 2-11 and 
2-96 x10~^m. Fig. 3 shows that the percentage 
oxidation in a given time is independent of the 
absolute concentration of myoglobin, showing that 
the oxidation is first order with respect to un- 
oxidized myoglobin. A typical first order plot for the 
experiment when the initial concentration of myo- 
globin was is given in Fig. 4, and 

Table I shows the first order constant obtained in 
the other experiments. 

The mean value of the first order constant is 
0-325 ± 0-015 hr.-L 

The rates of oxidation were reproducible xising 
the same stock solution of myoglobin, but a certain 
ammmt of variation was observed between different 
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preparations of myoglobin and when the sample Imd 
Len recrystallized. Table 2 gives values of fc for 
seven different samples of myoglobin obtained m the 
course of 18 months’ work. These values show a 
variation of some 7 % which is to be compared with 
an uncertainty of about 6 % in the value of an indi- 
vidual constant obtained from the first order plot. 
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Fig. 3. The porcentago formation of metmyoglobin during 
the autoxidation in air at 30° in 0-GM-phosphate buffer of 
pH6-C9 of four solutions of different initial concentrations 
of MbO. . The points O , A . 0 cud x refer to solutions of 
0-29G,l-I8,2-14nnd2-DB xlO-*M-myoglobinrc3pcotivoly. 


Fig. 1. Spectra of the carbon mouoxide-protobaemochro- 
mogen complex formed before and after autoxidation in 
air at 30° in 0-6K-phospbate buffer of pH 6-69. — , from 
6-1 X 10"®M-MetMb; O , from a solution of the same con- 
centration after autoxidation for 3 hr. 




Fig. 4. A first order plot for metmyoglobin formation from 
spectrophotometric measurements. Initial concentration 
of MbOj, 1-18 X 


Fig. 2. Spectra of the azide-metmyoglobin complex formed 
before and after autoxidation of myoglobin in air at 30° in 
0-6M-phosphate buffer of pH 5-69. — .from 5-1 x 
MetMb; O, from a solution of the same concentration 

after autoxidation for 3 hr. ; , spectrum of acid 

metmyoglobin at the same concentration. 

The variation between the several samples is not so 
marked ns that found by Broolrs {1931), worldng on 
tbo oxidation of baemoglobin, using laked blood, 
when in air at 25°, 0-2M-phospliate buffer solution 
of pH 6-29, k = 1-54 + 0-28 x 10-= hr.-i, i.e. an 18 % 
variation. This comparison suggests that the 
variation may be due, in part, to the presence of 
other oxidizible substances present to a lesser 


Table 1. First order rate constant for the oxidation of 
myoglobin to metmyoglobin at four different initial 
concentrations of unoxidized myoglobin, in air at 
30° in G-Gm-phosphate buffer, pH 6-69 

(Spectrophotometric methods of analysis.) 

Initial concentration 
of unoxidized 
myoglobin 
(mol. X lO-^/l.) 

2-96 
2-11 
1-18 
0-296 

Mean 0-325±0-015 


First order rate 
constant k 
(hr.-i) 

0-34 

0-34 

0-32 

0-30 
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degree in the purified myoglobin preparations used 
in the present expernnents. This will be discussed 
later in relation to the results obtained in the next 
section. 

Table 2. First order rate constant for the oxidation of 
myoglobin to mctmyoglobin in air at 30° in 0-6 m- 
phosphate buffer, pH 5- 69, using several samples of 
myoglobin 

(Spectrophotometric methods of analysis.) 


No. of sample 

First order rate 
constant k 
(hr.-i) 

2* 

0-32 

3 

0-38 

4 

0-26 

4t 

0-24 

a 

0-24 

5t 

0-28 

6 

0-25 


Mean 0-27±0-02 


* Mean of four determinations, 
t Recrj’stallized sample, 

Stoieheiometry of the autoxidation 

Measurements of the oxygen absorption of small 
quantities of l-S x 10-®M-myoglobin, in air at 30° in 
0'6M-phosphate buffer, pH 5*69, using Warburg 
manometers showed that about T6 moles oxygen 
are absorbed for each mole metmyoglobin formed. 
Tjqiical results are shown in Table 3. The final 
volume of oxygen absorbed was estimated by extra- 
polation, with a probable error of about 5 %. The 
reliability of this extrapolated value is supported by 
plotting the absorption data as a first order reaction, 
taking this value as the end point. A linear plot is 
obtained as shown in Fig. 5 for the data relating to 
Exp. 2 in Table 3; the first order constant of 
0-29 hr.~^ is m good agreement with the value ob- 
tained by spectrophotometric measurements of the 
metmyoglobin formed. The reproducibility of these 
oxygen absorption experiments was not particularly 
good. Exp. 2, using 2 ml. of solution, gave oxygen 
uptakes of 106, 70 and 90 pi. when repeated, and the 
uncertainty in the ratio moles oxygen absorbed/ 
moles metmyoglobin formed is thus 0-3. These 
.absorption values were unaffected if the centre cup 
of the Warburg flask did not contain sodium 
hydroxide. It therefore appears that no carbon 
dioxide is evolved in the reaction. Even though the 
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total quantity of oxygen absorbed varies between 
these rather wide limits the first order constant 
obtained by the method given above (Fig. 5) was 
still identical with that foimd in the spectrophoto- 
metric measurements. No significant difference was 
observed in either the total quantity of oxygen 
absorbed or the first order constant when the flask 
was filled with oxygen or with air. 



1-3 X lO-^M. 


For myoglobin the half saturation pressure of 
oxygen is of the order 1—2 mm. and so in air about 
99 % is present as oxymyoglobin. If the stoicheio- 
metry corresponded to the hypothetical figure for 
the oxidation of the ferrous compormd 

4Fe2+ + O 2 + 4H+ 4Fe=+ + 2 H 2 O 

three-quarters of the bound oxygen in oxymyo- 
globin should be evolved on autoxidation. The 
measured absorption of 1-5 ±0-3 moles oxygen for 
each mole of metmyoglobin formed means that this 
quantity of oxygen is used up in the reaction in 
addition to aU the bound oxygen originally present 
as oxymyoglobin and the stoieheiometry for the 
autoxidation is thus 

1 mole Mb -t 2-5 ± 0-3 moles Oo ^ 1 mole MetMb. 


Table 3. The oxidation of 1-3 x lO-Hi-myoglobin to metmyoglobin in Warburg flasks 
in air at 30° in 0-6M-phosphate buffer of pH 5- 69 


Exp. 

1 

2 


Volume of 
solution 
(ml.) 

4-5 

2-0 


Oxygen absorbed 
(extrapolated value) 

W 

210±15 
90± 5 


Mol. O 2 absorbed 
Mol. MetMb formed 

1-60±011 

l-54±0-08 
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The overall chemical equation for the autoxidation 
will be given by this expression or some multiple 

Comparable data are not available for haemo- 
globin, but Boat & Smart (1923) have sho^that 
when oxyhaemoglobin is denatured by acidification 
about 50% of the bound oxygen is liberated. It 
appears that the remainder is used in oxidizing the 
haem to haemin and oxidizing hydrogen donor 
groups on the protein part of the molecule (Lemberg 


different reason. Loggo (1912) show’od that over a 
certain range of oxygen pressures Brooks’s data on 
haemoglobin autoxidation (1931, 1935) could bo 
explained if tho reaction involved tho spontaneous 
decomposition of the oxygenation intormodiato 
Hbi(0.)2 in an intramolecular reaction. To account 
for this, Lemberg & Loggo postvilatcd two oxidizablo 
XH. groups in the haemoglobin molecule to com- 
plete tho stoicheiometry in an equation 

Hb.(0,),-f 2 XH 2 Hb4(OH)4 -1- 2X, 


& Legge, 1949). 

Acidification of oxymyoglobin, in the IVarburg 
apparatus, with l-OM-metaphosphoric acid gave 
no measmable evolution of oxygen, and with 
1-ON-hydrochloric acid only 11% of this bound 
oxygen was released. 

DISCUSSION 

The oxidation of myoglobin to metmyoglobin by 
oxygen at pH 5-69 in the absence of acceptors is a 
relatively simple reaction . In contrast to the experi- 
ments of Lemberg et al. (1941), on the reaction of 
oxyhaemoglobin with ascorbic acid, no detectable 
amount of choleglobin is formed, and unlike the 
reaction which occurs when acid or pyridine is 
present, where denaturation accompanies oxidation, 
the protein remains in a native condition. 

The results of the stoicheiometric experiments do, 
however, suggest that the protein is not in its original 
state, for 2- 5 + 0- 3 moles oxygen are used up for each 
mole of metmyoglobin formed. The simplest stoich- 
eiometry for the autoxidation of a ferrous compound 
involves four equivalents of ferrous compound for 
each oxygen molecule; thus additional reactions 
absorbing oxygen accompany the oxidation of the 
haem in myoglobin. The similarity between the 
kinetics of oxygen absorption and metmyoglobin 
formation argues against this oxygen being used to 


thus accounting for tho full oxidizing capacity of tho 
two oxygon molecules. Tho probable participation 
of hydrogen-donor groups on tho protoin, suggested 
by our experiments on oxygen absorption during 
the autoxidation of myoglobin, leads to a conclusion 
opposite to that of Lemberg & Legge. Since myo- 
globin contains only one haem group per molecule 
the consumption of 2-6 moles of oxygon for each 
mole of metmyoglobin formed must mean that the 
reaction is intermolecular. 

It is clear that the production of metmyoglobin 
under the above conditions is not a straightforward 
autoxidation of a ferrous compound, but is a coupled 
oxidation. However, it differs in three important 
respects from the coupled oxidations studied by 
Lemberg et al. (1941). First, it does not appear to 
involve an added hydrogen donor like the ascorbic 
acid in Lemberg’s experiments. Secondly, the 
metmyoglobin is not reduced by the hydrogen donor 
as methaemoglobin is reduced by ascorbic acid, and, 
as a consequence, there is no catalytic cycle for 
the continued oxidation of the hydrogen donor. 
Thirdly, whereas the coupled oxidation of ascorbic 
acid by oxyhaemoglobin is initiated by a direct 
reaction between these two molecules (Lemberg 
et al. 1941), the kinetics of myoglobin autoxidation, 
shown above to be first order in unoxidized myo- 
globin, do not support a reaction of the kind: 


oxidize traces of impurity, and suggests that 
hydrogen donor groups on the protein molecule itself 
are involved. In this respect the experiments of 
Mirsky & Anson (1936) are particularly interesting. 
They showed that tjnosine and tryptophan groups 
in proteins were oxidized by even mild reagents like 
potassium ferricyanide, and that with tyrosine itself 
one mole could react with at least 2-6 moles ferri- 
cyanide. Myoglobin contains two molecules each of 
tyrosine and trjqjtophan per molecule (Tristram, 
1949). There are thus, in the myoglobin molecule, 
four loiovm groups susceptible to oxidation, and if 
the mechanism for the oxidation of the haem in- 
^olvcs intermediates which are strong oxidizing 
agents it is possible that other amino-acid residues 
could also be attacked. 

Tho participation of hydrogen-donor groups on 
10 protein in tho autoxidation mechanism has been 
suggested by Lemberg & Legge (1949), but for a 


MbOjd- protein ->■ MetMb -t oxidized protein, 
for, although this reaction could lead to a first order 
disappearance of myoglobin, the observed first 
order constant would not be independent of the 
absolute concentration. 

By analogy with the mechanism put forward for 
haemoglobin autoxidation, Lemberg & Legge 
s'lgSasted that, in the case of myoglobin, the 
mechanism may be 

Fe-+ . O 2 . (HjX) -f Fe^+ Fe^+ . (OH) . X Fe®+ . OH, 

and as a consequence the reaction would be second 
order in unoxidized myoglobin. The first order 
kmetics established above show that a mechanism 
of this type does not occur. The similarity that is now 
revealed between the kinetics of the autoxidation of 

myoglobmandhaemoglobincastsdoubtontbeintra- 

molecular mechanism in the case of haemoglobin 
for It seems reasonable to expect that molecules so 
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alike in their general chemistry should react in the 
same way. 

George (1949, 1952) discussed a free radical 
mechanism for haemoglobin autoxidation based on 
the stoicheiometric relations 4Mb sOg or 2Hb = Oa 
which would account for the observed kinetics in the 
case of haemoglobin. A general mechanism of this 
kind needs revising, since it has now been shown 
that oxidation of hydrogen-donor groups is - likely 
to be involved. 

SUTdiMARY 

1. Hie autoxidation of myoglobin to metmyo- 
globin in air at 30° in O-Gji-phosphate buffer of 
pH 5-69 was studied at several different concentra- 
tions and using five preparations of recrystallized 
myoglobin. 

2. The reaction was shown to be first order 
with respect to unoxidized myoglobin and the 
mean value of the first order rate constant was 
0-325 + 0-015 lir.-i. 

3. Both speetrophotometric and oxygen ab- 
sorption methods of analysis were used. The first 
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order rate constants obtained by both these methods 
were in good agreement. 

4. Under the conditions of the experiments it was 
shown that no detectable denatiu-ation of the protein 
or choleglobin formation occurred. 

5. Measurement of the oxygen absorption of the 
reaction showed that 2-5 moles of oxygen were used 
for each mole of metmyoglobin formed, strongly 
suggesting that hydrogen donor groups on the 
protein molecule are involved. 

6. These results are discussed, and it is concluded 
that in contrast to the intramolecular mechanism 
of the reaction postulated by Lemberg & Legge 
(1949) the reaction must be intermolecular. 

7. In view of the similarity of the kinetics of the 
autoxidation of myoglobin and haemoglobin, doubt 
is cast on the idea of an intramolecular mechanism 
in the case of the autoxidation of haemoglobin. 


The work described in this paper was carried out during 
the tenure by C. J.S. of an Australian National University 
Scholarship. We wish to thank Jlr T. Greenwood for 
technical assistance throughout the course of this work. 
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The Microbiological Assay of ‘ Strepogenin’ with Lactobacillus casei 

By E. KODICEK and S. P. MSTRY* 

Dunn Nutritional Laboratory, University of Cambridge, and Medical Research Council 

{Received 21 July 1951) 


The presence of a factor in partially hydrolysed 
proteins, called ‘strepogenin’ (Sprince & Woolley, 
1944), which had a growth stimulating effect for 
certain bacteria, has been reported by a number of 
investigators (lYoolley, 1941; Sprince & Woolley, 
1945; PoUack & Lindner, 1943; Smith, 1943;Wright 
& Skeggs, 1944; Wright, Fruton, Valentik & Skeggs, 
1950). Woolley (1946) suggested that the peptide- 
like growth factor was a derivative of glutamic acid. 

* Present address : Department of Animal Science, Agri- 
cultural Experiment Station, University of Ilhnois, Urbana, 
U.S.A. 


A serylglutamic acid peptide from enzymic digests 
of casein stimulated Lactobacillus casei (Verdier & 
Agren, 1948; Agren, 1949). However, a number of 
synthetic peptides containing glutamic acid were 
either inactive or had a negligible activity (Woolley, 
1948; Krehl & Fruton, 1948). 

Dunn & McClure (1950) suggested recently that 
the strepogenin activity may be due to an unspecific 
effect of peptides, since the organism may use an 
essential amino-acid more readily in the bound than 
in the free form. Peptides of amino-acids were 
shown to be used by bacteria (Biesen et al. 1947; 
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Simmonds, Tatum & Pruton, 1947 ; Krelil & Fruton, 

1948), but nostimulatory response was obtainedwith 

synthetic di- and tri-peptides containing leucine, 
valine, glycine or alanine (Agren, 1947, 1948). 

Glutamine and glutatlhone have been reported to 
have strepogenin-like activity (Woolley, 1948). The 
former could be differentiated from strepogenin by 
its heat labUity (Pollack & Lindner, 1943 ; Woolley, 
1946, 1948). Furthermore, Wright & Skeggs (1944) 
pointed out that the activity of enzymic digests of 
casein could not be accounted for on the basis of 
their glutamine content. 

The present experiments were tmdertaken to 
investigate the specificity of the strepogenin effect 
and its distribution in biological materials. A satis- 
factory assay technique was developed using a 
modified medimn described for the assay of B- 
vitamins (Clegg, Kodicek & Mstry, 1952). For 
preliminary communication, see Mistry & Kodicek 
(1961). 

IHATERIALS AND METHODS 

Strepogenin standard (IA37°). A partial hydrolysate of 
insulin instead of the Wilson liver fraction L (Sprince & 
Woolley, 1944, 1945) was used as the strepogenin standard 
since it was shown to he a rich source of this growth stimu- 
latory factor. In preliminary trials the treatment described 
below was found to liberate the maximum activity. Diges- 
tion for a longer period or at lower temperature resulted in 
decreased activity. 


of the original weight of insulin. This preparation was 
assigned a potency of 100. 

Basal medium. The medium previously described (Clegg 
elal. 1952) was modified by omitting Norito-treated peptone 
and adding n-aaparagino (Table 1). 

Bacteriological procedure. Lb. casei. A.T.C.C. No. 7469, 
was used throughout this study ns the test organism. 
The maintenance of the culture and other bacteriological 
tecluiiques havebeen described previously (Clegg cl al. 1952). 

The inoculum was standardized to contain 30 pg. of dry 
wt. of bacteria per ml. and one drop was seeded ascptically 
into 10 ml. medium. The seeding contained 1 pg. of dry wt. 
of bacteria, i.e. about 1 x 10' viable cells ns determined by 
the plate count method. 

The assay tubes were incubated at 37° for 18 hr. and the 
resulting growth was measured turbidimetrically against 
the corresponding blank in a single-cell photoelectric 
colorimeter, using a neutral grey filter. The results were 
calculated from a calibration curve for Lb. casei in terms of 
dry wt. bacteria. 

Choice of the size of inoculum. It was pointed out by 
Sprince & Woolley (1944, 1945) that the use of a small 
inoculum was important in the assay of strepogenin, since 
with larger seedings the responses due to strepogenin addi- 
tions were less marked. Similar results were obtained in the 
present study. The medium (10 ml.) was seeded with inocula 
of varying strength, inereasing in geometric progression. 
Within a range of 0-275-lT pg. of inoculum, the ratio of the 
growth stimulation by strepogenin to the concentration of 
inoculum, remained constant. At higher concentrations, the 
blanks increased relatively more than the responses obtained 
with the strepogenin preparation. Therefore, an inoculum 
containing 1 pg. of dry wt. of bacteria was adopted. 


Table 1. Basal medium for the assay of 
strepogenin activity 


Constituent 


Amounts/10 ml. 
single strength 
medium 


Casein (Labco), H 2 S 04 -hydrolysed* 
Glucose 

Potassium acetate 
DL-Alanine 
n- Asparagine 
n-Cystine 
nn-Tryptophan 
Adenine, guanine, uracil and 
xanthine: each 

Ancurin chloride hydrochloride 

Riboflavin 

Nicotinic acid 

Pyridoxin hydrochloride 

Cnlcium-D-pantothenate 

p-Aminobenzoic acid 

Biotin (free acid) 

Ptoroylglutamic acid 
KjHPO, and KHjPO^ : each 
Salt solution B* 

* Clegg et al. (1952). 


50 mg. 
300 mg. 
300 mg. 

1 mg. 

1 mg. 

2 mg. 

2 mg. 
O'l mg. 

10 pg. 

10 pg- 

10 pg. 

25 pg. 

10 pg. 

2pg- 
0-04 pg. 

0-1 pg. 

25 mg. 
0-05 ml. 


200 mg. crj’stalline bovine insulin (Boots Pure Drug 1 
Ltd.) were hydrolysed for 3 hr. at 37° in 5 ml. of cone. B 
ihe acid was carefully removed under reduced pressure o 
n ater bath and the solids dissolved in about 45 ml. of wa1 
ihe pH was adjusted to 6-8-7-0 rvith 40 % KOH, the volu 
made up to 50 ml., and the solution filtered and stored at 
under toluene. Its concentration will be referred to in ter 



of various substances on the rate of growth 
olLb. casei (18 hr. incubation) compared with the strepo- 
gemn standard, lA 37°. 




Effect of various substances on the growth o/Lb. casei 
A number of substances have been reported to 
Btmndate the growth of Lb. casei and they were 
therefore reinvestigated with the use of the medium 
trom which asparagine was omitted. 

be seen from Fig. 1 that glutathione and 

fddeTXrt t Glutamine, 

added after autoclavmg the medium, gave a small 
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Fig. 2. Dose response curves of the strepogenin standard, 
IA37°, •; insulin. Novo, free of hyperglycaemic- 
glycogenolytic factor, O ; trypsin. Armour, and plasma 

albumin, bovine. Armour, x . 



Fig. 3. Dose response curves of the strepogenin standard, 
IA37°, •; insulin, sheep. Boots Pure Drug Co. Ltd., A; 
chymotrj^sin, Armour, O ; tobacco mosaic virus, x . 


Table 2, 


Strepogenin activity of insulin, liver and 
yeast preparations 


Material* 


Kelative 

strepogenin 

activity 

{%) 


Insulin, bovine;! strepogenin standard, IA37° 
Insulin, bovine;} unhydrolysed 
Insulin, bovine;} different batch 
Insulin, bovine;} recrystallized 
Insulin, bovine;} hydrolysed with 
chijTnotrypsin 
Insulin, pigf 
Insulin, sheept 

Insulin, Novo, free of hj^perglycaemic- 
glycogenolytic factor 

Hepamino, proteolysed liver powder, Evans; 

mihydrolysed and hydrolysed 
Liver fraction L, Wilson; unhydrolysed and 
hydrolysed 

Marmite, yeast extract; unhydrolysed 


100 

11 

112 

95 

103 

412 

400 

90 

20t 

2t 

6 


* Except where mentioned, all materials were hydrolysed 
with cone. HCl for 3 hr. at 37° and tested at three or more 
iovds 

! These preparations were obtained from Boots Pure 

^T^^lui^denote activity not strictly comparable to the 
strepogenin standard. Activities were calculated at 3-o 
and SO mg. per 10 ml. medium for Hepammo and liver 
fraction L respectively. 


growth response. However, the response was con- 
siderably below that obtained with the strepogenin 
standard. Asparagine and aspartic acid also had a 

small stimulatory effect during the 18 to.testperiod. 

In the medium used for assay, i.e. with asparagine 
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present, no further stimulation of gronTh was 
observed with either glutamine or aspartic acid. 
Kodicek & IMistry (1949) noted that the presence of 
asparagine greatly enhanced the effect of strepo- 
genin preparations and therefore it was included in 
the medium. A detailed study of these effects will 
be reported in another communication. 

Table 3. Strepogenin activity of purified proteins 

Relative 
strepogenin 
activity 
(%) 

100 


Material* 

Insulin, bovine, Boots Pure Drug Co. Ltd. ; 
strepogenin standard, IA37° 

Pepsin, Armour, 1:10000 potency; 
imhydrolysed 

Pepsin, Armour, recrystallized, 1: 60000; 
unhydrob'sed 
Pepsin, Annour, 1:10000 
Pepsin, Armour, reerj’stallized, 1 : 60000 
Peptides )6P obtained on recrystallization of 
pepsin. Armour, 1 : 10000 
Trypsin, Armour 
Chymotrypsin, Armour 
Turnip j'ellow mosaic virus 
Tobacco mosaic virus 
Myosin, rabbit 
Lactoglobulin, crystalline 
Plasma albumin, bovine, Armour 
Egg albumin 

Crude protein from degraded wool 
Globin, horse 
Globin, human 
Globin, cow 

Haemoglobin, bovine. Armour 
Pea globulin 
Edestin 
Gelatin 

Salmin sulphate, British Drug Houses Ltd. 

Casein, vitamin-free, Labco 
Casein, vitamin-free A/E, Glaxo 
Casein, vitamin-free LW, Glaxo 
Casein, vitamin-free, Hopkin & M 
Casein, hydrolysate, vitamin-free, Ashe; 
unhydrolysed 

Casein hyfrolysate, for oral admmistration, 
unhydrolysed 

* Except where mentioned, all materials were hydrolysed 
with concT HCl for 3 hr. at 37° and tested at three or more 

Yalues denote activity not strictly comparable to the 
strepogenin standard, 

Wuth the modified medium (Table 1), a linear dose 
response was regularly obtained when the logarithm 
of the dose was plotted against the dry weight of 
bacteria (Figs. 2 and 3). The agreement between 
triplicate tubes within an experiment at all the 
levels tested was satisfactory, with a coefficient of 
variation less than 5 %. 

The method has been apphed to the assay of the 
strepogenin activity in a number of higWy P^^ed 
proteins and biological preparations (Tables 2 and 3). 
The results were expressed as a percentage of the 
activity of the standard (IA37°). Since the method 


19 

6 

39 

160t 

17 

48 

153t 

86t 

56t 

104t 

49t 

45 

19 

13 

10 

9 

5 

5 

4 
2 
1 
0 

5 
2 
2 
2 

0-4 

0 



STREPOGENIN’ 

standard. The uniiydrolysed tobacco mosaic virus 


of stropogenin activity, but 


a good source j, 

steeper response curves obtained with myosm nn 
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I 2000 
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.2 1200 


800 
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Liver fraction L, 
Wilson 
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of hydrolysis used for preparing the strepogenm 

procedure was adopted for the test materials. It is 
realized, however, that the activities may not be a 
true measure of the strepogenin content of materials, 
but represent only the activity liberated from pro- 
teins under comparable conditions. It may be that 
other methods of hydrolysis would yield higher 
values. 

The materials were assayed usually at three or 
four levels. From the results, a logarithmic dose 
response curve was constructed and the relative 
potency was calculated from the linear dose re- 
sponse of the standard (IA37°). If the slope of the 
dose response curve of the substance differed from 
that of the standard, the calculated activity varied 
at different levels. This is denoted in the tables by an 
asterisk and will be discussed below in more detail. 

Insulin and liver preparations. The strepogenin 
activity of hydrolysed bovine insulins from different 
batches did not vary more than about 10 %. Recrys- 
tallization of insulin or chymotrypsin digestion did 
not result in a further increase in potency. Unhydro- 
lysed bovine insulin showed only negligible activity. 

Sutherland, Cori, Haynes & Olsen (1949) have 
reported the separation of a hyperglycaemic-glyco- 
genolytic (H-G) factor from amorphous and crystal- 
line insulins. Insulin, Novo, which contains no H-G 
factor, had 90 % of the strepogenin activity of the 
crystalline insulin standard. This indicated that the 
activity of the latter was not associated with the 
H-G factor. 

The relative distribution of strepogenin activity 
in insulins showed certain species differences. The 
pig and sheep insulins were about four times as 
active as bovine insulin, but the greater activity 
could not be correlated with the differences in their 
amino-acid content (Sanger, 1949). 

Wilson liver fraction L, and proteolysed whole 
liver powder, Hepamino Evans, tested up to levels 
of 50 and 4 mg. respectively, per 10 ml. medium, 
liad a low activity (Table 2). At higher concentra- 
tions, however, their growth-stimulatory effect 
surpassed that of the strepogenin standard (Fig. 4). 

Crystalline enzymes, viruses and other proteins 
(Table 3). Recrj'stallized pepsin and chymotrypsin 
Armour’ when hydrolysed had a high activity of 
the order of 1 53-160 %. Less pure samples were less 


mg./IO ml. medium 

Growth responses of liver preparations compared 
with the strepogenin standard, lA 37°. 

lactoglobulin were not strictly comparable to the 
strepogenin standard. Other proteins, including 
casein, had a negligible potency. 

DISCUSSION 

In the present study a medium has been used which 
is fully supplied with known growth factors and any 
increase in the rate of growth should be due to \m- 
known factors. In the presence of an optimum con- 
centration of the strepogenin standard an increase in 
growth of as much as about 1000 pg. of dry weight of 
bacteria per 10 ml. medium was obtained within 
18—20 hr. of incubation. 

Under these conditions the strepogenin activity 
seemed to be a specific property of certain partially 
hydrolysed proteins and co'uld not be replaced by 
the various substances tested such as glutamine, glu- 
tamic acid, glutathione, asparagine or aspartic acid. 

Intact protein molecules such as insulin, pepsin 
and tobacco mosaic virus showed little or no activity. 
In keeping with its supposed peptide structure the 
strepogenin effect was only observed when the 
protein molecule was broken down by mUd acid 
hydrolysis or chymotrypsin. 


,. T . . - - - - In agreement with 

M c nt' finding, the peptides Sprince & Woolley (1946) the strepogenin activity 

IfiP. .. was lost on prolonged treatment with HCl. 


16 P’, impurities obtained on purification of 
pepsin (Ingram, 1950), had also a negligible 
strepogenin content. The unhydrolysed enzymes 
showed very little activity (6-19 %). 

Turnip yellow mosaic virus and tobacco mosaic 
virus showed a high strepogenin content (56-86%) 
when hydrolysed, although the slopes of the dose 
response curves were different from that of the 


The results for the various proteins and biological 
materials could be classified into two groups. The 
first showed a growth response curve ly ing , within 
experimental error, parallel with that of the strepo- 
genin standard (Fig. 2). In the second group a 
steeper dose response curve was obtained, which 
. diverged significantly from the slope of the standard 
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(Fig. 3). It seems that in these cases factors other 
than those present in acid-hydrolysed insulin were 
effective. The highest potency compared to insulin 
was found in enzyme and virus proteins, myosin, 
lactoglobulin and plasma albumin. Casein had a 
low activity. The comparison of our data with those 
of other authors (Sprince & Woolley, 1945; Wright 
et al. 1950) is difficult because of the different 
techmques employed. The strepogenin activities of 
trypsin, casein, haemoglobin, gelatin and salmin 
agree with those found by Sprince & Woolley ( 1 945). 

Of the biological materials assayed the liver 
preparations showed growth effects characteristic of 
the second group which differed in its behaviour 
from that of the insulin preparation. At low concen- 
trations they showed little activity but at high levels 
the responses surpassed the maximum obtained 
with the strepogenin standard. Their activity re- 
mained the same whether the liver fractions were 
hydrolysed or not. It seems that besides strepo- 
genin, other factors are present in liver preparations 
which are considerably more potent in stimulating 
the growth of the organism. The effects may be 
similar to those reported by Stokes, Koditschek, 
Rickes & Wood (1949) and Verdier & Agren (1948). 

The factors seem to be different from vitamin Bjj 
which has no stimulatory effect on Lb. casei. More- 
over, the Wilson liver fraction L was active, al- 
though it does not contain the anti-pemicious 
anaemia factor. 

The identical activity of unhydrolysed and hydro- 
lysed liver preparations wocJd seem to exclude 
factors of peptide nature, unless such peptides are 
normally present in the unhydrolysed materials, as 
indeed has been shown by Borsook et al. (1949), who 
isolated a peptide ‘A’ from imhydrolysed homo- 
genates of liver. 

The stimulatory effect of strepogenin prepara- 
tions, observed during the early growth period, is 
most likely due to the shortening of the lag period. 
YTiether the response given by the insulin prepara- 
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tion is due to one specific substance or a number of 
substances is difficult to decide. It seems that the 
stimulatory effect of partially hydrolysed proteins 
is more specific than suggested by the unspecific 
peptide theory of Dimn & McClure (1960). This 
would not explain the great differences in activities 
of proteins otherwise closely related. On the other 
hand, these activities cannot be explained by the 
existence of a single factor, but indicate that the 
strepogenin effect may be due to certain peptides 
which have a particular configuration. 

SUMMARY 

1. A satisfactory procedure for the assay of 
strepogenin activity has been developed. 

2. The method was applied to the assay of 
strepogenin in highly purified proteins. Insulins 
from various species differed in their activity. Liver 
preparations, as well as some of the pure proteins 
assayed, seem to contain a factor or factors con- 
siderably more potent than the insulin preparation 
used as the strepogenin standard. 

3. The peptide(s) responsible for the strepogenin 
activity were shown to be an integral part of the 
protein molecule^'^nd not associated with an 
impurity such as the hyiJerglyeaemic-glycogeno- 
lytic factor present in commercial preparations of 
crystalline insulins. 

4. Glutamine, asparagine and aspartic acid 
showed a slight strepogenin-lilce activity; glutamic 
acid and glutathione were inactive. None of these 
substances could replace the strfepogenin effect of 
partially hydrolysed proteins. , 
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1. NOBMAL HUMAN ALBUMINS AT A LOW CONCENTRATION 
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The sedimentation and diffusion of normal human 
albumins have been studied as the initial part of a 
programme designed to investigate ■whether the 
molecular ■weights of the serum and urinary proteins 
in cases of nephrosis do differ from normal, as has 
been suggested by a few observers (e.g. Bourdillon, 
1939). The present results are being communicated 
separately, as some delay appears likely before 
sufficient suitable pathological samples have be- 
come available for study. 

Since the final object of this work is a comparison 
of normal and pathological materials, the limitations 
thus imposed have affected both the detailed 
technique and the scope of the experiments. 
Although it is well kno-wn that the albumin fraction 
isolated by electrophoresis contains at least two 
distinct components (e.g. Hooh & Morris, 1945), this 
method of isolation was selected, as the purpose was 
to determine the mean molecular weight of the 
albumin fraction. In any case no human albumin 
preparation yet obtained satisfies all criteria of 
purity. A particular advantage of the electro- 
phoretic method in dealing with nephrotic sera is 
the possibility of separating albumin free from 
a-globulin, which is usually present in greatly in- 
creased amounts in such cases. 

Sedimentation experiments require little protein, 
whereas, until recently, diffusion work needed appre- 
ciably more. The introduction of the Gouy diffusio- 
meter (Coulson, Cox, Ogston & Philpot, 1948 ; Ogston, 
1949) has made it possible to obtain results with small 
amounts of material and much more rapidly. The 
limiting factors introduced by working with patho- 
logical samples are the small volumes of serum often 
obtainable and the low concentration of urinary 
protein. Electrophoretic isolation of more than a 
certain volume of protein solution (in this case 6 ml.) 
can bo laborious and excessively time-consuming. 
It was, therefore, considered impracticable (often 
almost impossible) to prepare sufficient albumin to 
enable the values of sSg „ and to be measvued 
as a routine by extrapolation to zero concentration. 
Since the indications are that and vary 
rather slowlj' with moderate alterations in concen- 
tration so far as globular proteins are concerned, it 
was decided to make all measurements at a standard 
low concentration of 0-2-0-3 %, when results should 
Biochem. 1952, 51 


all be comparable and should not differ very greatly 
from ago. » and H go. „ . All values of s are in Svedborg 
units and values of i) in units of 10“’ cm.* sec. 


EXPERIMENTAL 

Samples of blood from normal individuals were collected 
without any preservative, allowed to stand overnight in the 
refrigerator, and the sera separated by low-speed centrifuga- 
tion. After removal of the few residual red cells by centrifu- 
gation at a slightly higher speed, the serum was diluted with 
buffer to give a total protein concentration of about 2 %, and 
dialysed in the cold against 2 1. of buffer for 2-3 days. 



Fig. 1. Electrophoretic pattern of human serum albumin. 
Ascending (anode) limb. Migration is from left to right. 
Veronal buffer, pH 8-6,/ =0'05. Protein 0-7 %. Exposure 
after 56 min. at 6-3 V./cm. 

Electrophoretic separations were carried out in the standard 
form of Tiselius apparatus at +0-5'’, the albumin boundary 
in the ascending limb being held stationary at a suitable 
level by means of an electrolytic compensator, as described 
by Johnson & Shooter (1949). Phosphate buffer (pH 8-0, 
f=0-l), used in the preliminary work, was found not ade- 
quately to resolve ai-globulin from albumin. A number of 
experiments were then carried out in veronal buffer (pH 8-6, 
1=0 05), but, since even here the resolution of ai-globulin 
may not be sufficiently good, the medium finally adopted 
was veronal buffer (pH 8-6. f =0-1). The maximum cun-ent 
considered safe, so far as heat convections were concerned 
was about 20 ma. It was then possible after 6-10 hr. to 
recover from the ascending limb 3 ml. of solution containing 
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0-5-l-0% albumin. In order to check that no accidental 
contamination with globulin had occurred, every sample of 
albumin was examined in the micro cell of the Tiselius 
apparatus, a typical electrophoretic pattern being that 
sho'wn in Fig. I. About 4 ml. of solution, containing all the 
albumin, were removed from the micro cell. The concentra- 
tion was calculated from the area of the peak in the diagonal 
schlieren pattern, the appropriate constants of the optical 
system being known. After dilution to bring the concentra- 
tion into the selected range the albumin solution was 
dialysed for 5-6 days prior to sedimentation and diffusion. 
The few early preparations made in phosphate buffer were 
dialysed against the same buffer at this stage. Samples 
obtained in the veronal buffer of I =0-05 were dialysed 
against 0-2N-sodium chloride, but in the later work the 
sodium chloride concentration was reduced to 0-05 N for the 
reason discussed later. 

Sedimentation measurements. These were made in a Spinco 
idtracentrifuge, a short description of which has been given 
by Smith, Brown, Fishman & Wilhelmi (1949). The cell and 



Fig. 2. Ultracentrifuge pattern of human serum albumin. 

Sedimentation is from right to left. Sodium chloride 

solution, 0-2if. Protein 0-2%. Exposure 71 min. after 

reaching full speed. 

rotor are of conventional design and dimensions. The rotor 
spins in a high vacuum ( ~ 0-6 p. of mercury) which is main- 
tained by rotary oil and oil diffusion pumps. It is driven by 
an electric motor transmitting power to a special gear box 
(ratio 6:1) and a shaft which enters the vacuum chamber 
through an oil-seal of the type used in air-turbine machines. 
The rotor can be run at a series of set speeds, each of which 
is automatically maintained. Once the set speed is reached, 
variations are due almost entirely to fluctuations of mains 
frequency. A revolution counter, geared dow in the ratio 
6400:1, is provided which, together with a stop-watch, en- 
ables the mean speed during any interval of time to be deter- 
mined accurately. A diagonal-bar schlieren optical system is 
incorporated, and photographic exposures can be taken 
either automatically at set intervals or manually. One such 
record is shown in Fig. 2. 

The practice followed in these runs was to bring the rotor 
to full speed (60 000 rev./min.), to take the first photograph 
after about another 20 min. when the albumin peak had 
fully separated from the meniscus, and thereafter to take 

anotherfourphotographsautomaticallyatie min. intervals. 
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As a routine the average speed of rotation was calculated 
from the counter readings immediately after thefirst and last 
photographs, but the speed during individual intervals 
could deviate from this. However, experiments in which the 
mean speed was also determined between each successive 
pair of photographs gave results almost identical. Further 
justification for the simpler procedure was provided by the 
small standard errors of the slopes of the log a; - 1 lines (see 
Results). A final check on the accuracy of the counter was 
obtained by comparing its readings with the light impulses 
registered on an electronic counter fed from a photocell 
interposed in the optical system. 

Travelling microscope measurements of the records (to the 
nearest 10 p.) gave the distance of the boundary (defined as 
the maximum of the symmetrical peak observed) from the 
index marks. The boundary was thus located with adequate 
sharpness, and the correctness of its position was checked by 
verification of the magnification of the optical system 
(~2: 1) over different parts ofthe field. The known distances 
of the index marks from the axis of rotation, which were 


measured several times, allowed the distance {x) of the 
boundary from that axis to be calculated at different 
times (t). 

Before the chamber was shut the rotor temperature was 
recorded by means of a contact thermocouple with a refer- 
ence junction immersed in an intimate mixture of ice and 
water in a Dewar vessel. The scale of the indicating galvano- 
meter was carefully calibrated ivith the measuring couple at 
a series of temperatures registered by a standard thermo- 
meter. The rotor temperature at the end of these runs was 
usually l-(>-l'6° higher than initially. The mean of initial 
and final rotor temperatures was taken as the temperature 
during the run (Pickels, 1950). In view ofthe importance of 
an accurate temperature estimation, both the contact 
thermocouple calibration and the standard thermometer 
were checked from time to time. 

Possible variations in rotor temperature, due to differen 

causes, were investigated ns follows. The thermocouple ea s 

were introduced into the vacuum chamber in such ® ^ 
that the temperature of the (stationary) rotor com 
observed w'hilst evacuation took place. This proved t a no 
measurable change of temperature occurred dunng c 
process. It wms also shown that no appreciable flow 0 ca 
took place along the driving shaft to (or from) the gear ox. 
Since the effect of any residual air in the chamber mus e 
raise the temperature of the moving rotor, the oteetve t 
needs no other explanation. Low results (see 
would make it necessary to postulate that the rotor empe 
ture during the runs was actually lower than was e 1 
The only remaining possibility of error in estima mg 
temperature arises from the use of the refrigera ’“S .j 
round the chamber to diminish or prevent e , 
temperature rise in the rotor. If the refrigeration 
a drop in rotor temperature during the run, whi ® ^ 

of air to the chamber at the conclusion of the ^ , 

rapid rise, the estimated mean value would e 
Although evidence against this hypothesis ,5 v]g j pf 
cisive, as will be seen from the examples shown in 
duplicate experiments carried out with and wi 0 
refrigeration has been dispensed with at presen 1 
eliminate any possibility of criticism on thm ' pjpd 
Diffusion measurements. The version of 

here was the model described by Creeth (IHO-h jnd 

the instrument developed by Coulson el 0 • ' ,j {], 5 f 
Ogston (1949). The technique followed was exa 
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described by Creeth (1952), the only points it is necessary to 
emphasize being as follows. With the dilute solutions used it 
is vital that the value of (Longsworth, 1947) for the dia- 
lysed protein solution should be measured with the greatest 
possible precision. Thus, it is obvious from the equation 
which describes the behaviour of mixtures (Ogston, 1949) 
that, should there be an excess or deficiency of salts in the 
protein solution (due to such causes as lack of dialysis 
equilibrium, or accidental dilution of the upper solvent 
layer through insufiioient washing out of the diffusion cell), 
an incorrect result will follow. This is the reason for the 
ample time allowed for dialysis. To guard against evapora- 
tion, dialysis was carried out in closed vessels and the 
dialysis bags were not removed until immediately before the 
diffusion experiments. In some of the later work, as an 
additional precaution, the strength of the sodium chloride 
was reduced to O-OSjj, a value still high enough to depress 
anomalies under the conditions of these experiments. 
Although dialysis took place in the refrigerator, for the last 
few hours the solutions were left at room temperature to 
allow dissolved air to be expelled. Otherwise the value of 
might have been affected slightly (Costing & Morris, 
1949), and air bubbles were liable to form in the diffusion 
cell, interfering with the optics and rendering an experiment 
worthless. 

The pipette holds suffioient solution for three or four runs, 
but experience has shown that the first run may give a 
spuriously high result, evidently through insufficient 
‘clearing’ of the cell. After this initial run, which was not 
recorded, the boundary was sharpened again, and the next 
two runs were recorded. Generally there was enough 
material to repeat the whole procedure with a further 


was used in order to reduce the grain size. TJiis borax de- 
veloper was also used for the ultracontrifuge plates, which 
were Ilford Eapid Process Panchromatic. 

RESULTS 

Sedimentation experiments 
loSf 2/ 1 '^ 

The formula s=-— — 2111 has often been used for 

calculating the sedimentation constant for succes- 
sive time intervals (Svedberg & Pedersen, 1940). 
These are then corrected for temperature, etc. As 
the exact manner of the temperature variation of 
the rotor in the Spinco ultracentrifugo is not known, 
the mean value of s was worked out from the slope 
of the best straight line through the points on the 
graph of log x plotted against t (of. Cecil & Ogston, 
1948), oi and T being taken as the mean values for 
the ■n'hole run (see above). The standard error of the 
slope was always small (0‘2-l'0 %). The sedimenta- 
tion constants, all reduced to water at 20’, nm 
shown in Table 1 . 

The degree of reproducibility, illustrated pTTnv- 
parations 2 and 3, was quite satisfactoiy, pnrrim- 
larly in view of the fact that in the alfcemnr-: Tn:.- 
refrigeration was used. Any real differeneeH. n? — 
the values of Sjo.w for different solution? nn? t ■ r 't 
centration effects are estimated as at nn~ I ■ ~ 
therefore less than the errors invd:“ a •- tn - 1 


pipotte-full, giving four independent determinations with 
each solution. 

In one case a stronger solution of albumin was prepared 
(0-9%) and diffusion carried out in 0-2K-sodium chloride 
solution. The resulting patterns contained a large number 
(33) of interference minima, the relative positions of which 
could bo analysed to show whether or not the boundary 
involved an essentially Gaussian distribution. 

Photography. Both electrophoretic and diffusion patterns 
were recorded on Ilford Thin Film Half Tone Panchromatic 
plates, the former being processed in a cauatic-quinol 
developer, whilst for the latter ‘ Wellington borax ’ developer 


value, 4-25, for preparations made 1 
statistically just different from tiK : 
(talcing the probability limit a? f-f-r 
as this might have been duet: z. m 
original calibration of the tlsmtr'.r 
value of all results, 4'2L n=?£m;: 

Mean values of td/e 

sample, reduced ti tmem mm ..m 
Table 2. Exeeut m ~~ ' 



Table 1 . Sedimentation constants of normal human 


Serum 

no. 

1 

2 
n 

3 

3 

4 

5 
0 

S 

9 

10 

11 

12 

13 


Buffer used Solvent for 

in isolation sedimentathc 

Phosphate (I =0-1) Phosphate 

Veronal (/ =0-05) 0-2 s-Sodinx x,-- 
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Serum 

no. 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 
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Table 2. Diffusion constants of normal human scrum-albumin preparations 


Buffer used 
in isolation 

Veronal (I =0-05) 


Solvent for 
diffusion 

0-2N-Sodium chloride 


Veronal {/=0-l) 


0-05 N-Sodium chloride 


Protein 



concn. 

No. of . 


(%) 

experiments 

w 

0-27 

4 

6-44 

0-24 

2 

6-23 

0-27 

4 

6-34 

0-23 

2 

6-26 

0-24 

4 

6-44 

0-26 

4 

6-30 

0-20 

4 

6-27 

0-25 

4 

6-16 

0-24 

4 

6-40 

0-21 

4 

6-28 


the same sample agreed within ± 2 %, in accordance 
with the observations of Creeth (1952) at similar 
concentrations. The final mean of all measmements 
was 6*32. Although there was no correlation between 
diffusion constant and concentration, which was not 
surprising in such a narrow range and with relatively 
high errors for individual measurements, detailed 
statistical analysis showed that the differences 
between the various preparations were nevertheless 
just significant on the basis of a probability of 0-05; 
these differences were independent of the buffer used 
in isolating the samples. 

Table 3. Diffusion of normal human serum albumin 

in 0'2N-sodium chloride; variation of Gf with f 

(Time — approximately 10 min. after the heginning of 
diffusion. j^=23‘59.) 

if Ct 


j 

(cm.) 

(cm.) 

0 

0-9677 

1-0700 

1 

0-8905 

1-0677 

2 

0-8306 

1-0685 

3 

0-7771 

1-0676 

4 

0-7290 

1-0670 

6 

0-6836 

1-0646 

6 

0-6420 

1-0634 

7 

0-6032 

1-0625 

8 

0-5671 

1-0627 

9 

0-5331 

1-0639 

10 

0-4998 

1-0633 

12 

0-4377 

1-0630 

14 

0-3804 

1-0632 

16 

0-3266 

1-0621 

18 

0-2755 

1-0577 

20 

0-2278 

1-0523 


The sample at 0-9% concentration gave for 
Dzo.k 6-14, 6-11, 6-06 and 6-08 (mean 6-10), repro- 
ducibility being much better than at the lower con- 
centrations. However, the main point of these 
experiments was to obtain records for examination 
of homogeneity. Measurements were made at two 
different time marks on each record, at about 3 and 
10 min. respectively after the beginning of diffusion. 
The equivalent treatments of Longsworth (1947), as 
modified by Costing & Morris (1949), and Ogston 
(1949) were applied. Typical results are shown in 


Table 3. The values of Of (defined by Longsworth, 
1947) show a pronounced, but fairly small, tendency 
to decrease as j increases, proving that there is 
some departure from the ideal Gaussian form. 

DISCUSSION 
Sedimentation constants 

The trend of results in the Spinco ultracentrifuge 
has been mentioned in a recent paper from this 
laboratory (Creeth, 1952). In Pig. 3 the results for 



Fig. 3. Values of Sjo, k human serum albumin. Points 
correspond to observations as follows f)> McFarlane 
(1935o); O, Pedersen (1945); Q, Onoloy, Scatchard & 
Brown (1947) ; #, this work. The line shown is Pedersen’s 
line of regression. 

normal human serum albumin are compared with 
the values available in the literature. Comparisons 
must take into account: (a) the different methods of 
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’ carefuUy standardized, both reproducibility and 


X ronrnduci- Carefully stanaaraizea, ouku 

preparation of the materials, and ( ) ^ . accuracv could suffer. They decided that in one case 

bility of the individual techniques of measurement ^"‘^“^1 ~)Tevious fig^ were as much as 

The tlm^e of i materiel , 1 . 2 % 

lactoglobulin in a medium consistmg of 0-1 n- 


show a surprising degree of variation, the cause of 
which is not evident. Although the oil-turbine ultra- 
centrifuge yields a series of sedimentation constants 
which increase fairly uniformly with decreasing 
protein concentration, McTarlane’s (1936o) values 
are scattered more widely than those of Pedersen 
(1945). Possible reasons for this are; (a)McFarlane’s 
measurements were made on the albumin peak in 
serum patterns, not on isolated albumin, and (5) it 
does not appear that these particular samples were 
dialysed by him prior to ultracentrifugation. 
MoFarlane (1935a) commented that his values did 
not agree to within the full experimental accuracy, 
suggesting the presence in serum of a factor which 
affected the sedimentation constant. This merely 
expressed the fact that the medimn was not suffi- 
ciently well defined with respect to its inorganic 
constituents. The presence of the other proteins in 
the initial solution was probably not such a great 
objection since most of the globulins sedunent away 
from the more slowly moving albumin. Although 
McParlane’s results are generally lower than 
Pedersen’s, one sample of normal human albumin, 
isolated electrophoretically by McFarlane (19356) 
and dialysed against O-lrr-sodium chloride, gave a 
sedimentation constant (at 1 % concentration) of 
4'39, about 2% higher than Pedersen’s results 
would suggest. 

At the concentrations used in the Spinoo, Peder- 
sen’s regression line corresponds to a constant of 4-6. 
The discrepancy between this and the mean value of 
4-28 for the preparations in Table 1 requires careful 
consideration. It must either be due to errors in the 
determination or reside in the protein samples 
themselves. As a check on the latter point a sample 
of crystalline bovine plasma albumin (Armom), 
made up to about 0'5% in, and dialysed against, 
0‘2N-sodiura cliloride solution was used for parallel 
runs in the Spinco and oil-tiubine machines, 
^ilr J . W . Ly ttleton at the Lister Institute obtained 
4-49 in the oil-turbine, as compared with 4-22 in the 
Spinoo ultracontrifuge. 

The factors involved in the determinations have 
all boon considered and possible sources of error 
chocked (see Experimental section). This applies 
particularly to the temperature, the least satis- 
factorily defined variable in ultracentrifuge work. 

'Iheso sedimentation measurements, therefore, 
whilst individually still subject to errors of about 
i 2 %> give a moan value which must be very close 
to tlio correct values for this concentration range, 
and the oil-turbine figiues quoted are too high. This 
is in accord with the conclusions of Cecil & Ogston 
(1948), who found that, unless the conditions of 
running of the oil-turbine ultracentrifuge were 


sodium chloride, 0-lN-sodium acetate, O-OlN-acetic 
acid) was obtained from Oxford and its sedimenta- 
tion constant measured as additional support for the 
conclusions formed during this work. The value of 
2-78 from the Spinco, compared with 2-80 by the 
Oxford workers, completely confirmed previous 
deductions. It is also interesting to note that 
Johnston & Ogston (1946) obtained sedimentation 
constants for horse serum albumin which indicated 
a value of 4-45 at 0-25 % concentration. When cor- 
rected by the factor 0-978 (Cecil & Ogston, 1948) 
this becomes 4-35, only slightly different from the 
Spinco value for human serum albumin. 

Diffusion constants 

The literature reveals that the diffusion constants 
of proteins are not known with the accuracy that is 
desirable. Thus Neurath (1942) commented that, 
with the Lamm scale method and conventional cells, 
determinations have standard deviations from the 
mean of 2-3 % for a number of protein preparations. 

References to the diffusion of normal human 
serum albumin are surprisingly few. A determina- 
tion of the diffusion constant at an unspecified con- 
centration by Longsworth & Maeinnes (1940) gave 
a value of 3-34 for Do.w. which becomes 6-39 when 
corrected to 20°. Values of 6-00 (at 0-5 % concentra- 
tion) and 5-85 (at 0-25 %) were quoted by Pedersen 
(1945) forD„o_„. According to Oncley et al. (1947) 
preliminary measurements have led them to a 
tentative value of 6-1 for but no details were 
given. The values obtained here in the range of 
concentration 0-2-0-3 % have a mean of 6-32, but it 
has been shown that the differences between the 
preparations are significant. The experiment at 
(7^20, fi’lO) showed that diffusion was not 
quite Gaussian. Since the process is not highly 
concentration-dependent this must be attributed 
to the presence of more than one molecular species 
in the albumin, a fact already known from electro- 
phoretic work (e.g. Luetscher, 1939; Hoch-Ligeti & 
Hoch, 1948). Presumably this also accounts for the 
relatively small differences among the various pre- 
parations. Unfortunately, it was not possible to 
obtain for comparison a sample of human albumin 
prepared by crystallization in. the presence of 
decanol (Cohn, Hughes & Weare, 1947). 

Molecular weights 

values for the sedimentation and 
^ffusion constants probably differ by no more than 

cofJlT respectively. Since both 

constants mcrease as the protein concentration 
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decreases, the error involved in substituting them 
for s „ and -D “o, «. hi the calculation of a molecular 
weight will be even lower. Unfortimately, mole- 
cular weights calculated from the combined data of 
sedimentation and diffusion constants are dependent 
to a considerable ^xtent on the value of the partial 
specific volume, V, an error of 1 % in F causing an 
error of about 3 % in the final result. The values of 
4-6 for s?o.„ and 6-1 for X)§o,«-. often quoted (e.g. 
Oncley et al. 1947), give a result of 68 500, but the 
present work gives 61 500 if we assume the same 
partial specific volume, 0-733. 

SUMMARY 

1. The albumin fractions of a number of normal 
human sera have been isolated eleotrophoretieally. 

2. Sedimentation constants for these prepara- 
tions in the concentration range 0-2-0-3 % are con- 
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siderably lower than the hitherto accepted values. 
The reasons for this have been thoroughly explored. 

3. Diffusion measurements in the Gouy diffusio- 
meter show small, statistically significant variations 
from one preparation to another. 

The author thanks Prof. E. C. Dodds, F.R.S., for the help, 
advice and encouragement which he has given dining this 
work. He is indebted to Dr J. M. Creeth for many stimu- 
lating discussions, particularly in regard to the diffusion 
measurements. Thanks are due to Dr E. A. Kekwiok for 
making possible the ultracentrifuge experiment at the 
Lister Institute, to Dr A. G. Ogston for the yS-lactoglobulin 
solution, and to Drs D. N. Baron and J. M. Johnstone for 
providing the sera. The earlier part of this research was 
carried out whilst the author was in receipt of a personal 
grant from the Medical Research Council, the final phases 
being completed during the tenure of an I.C.I. Research 
Fellowship. The work described in this paper formed part of 
a thesis approved for the degree of Ph.D. in the University 
of London. 
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In tbe course of development of a textile fibre from 
the proteins of the grouhdnut {Arachis hypogaea) 
these proteins have receritly been the subject of 
considerable study. Included in this has been the 
laboratory fractionation oT the proteins and an 
examination of the fractions as fibre -forming 
agents. \ 

The protein of the grouncbiut appears to have 
been first investigated with otner vegetable protein 


systems by Ritthausen (1880), who extracted the 
proteins from the oil-free groundnut meal with 
aqueous sodium chloride and weakly basic solutions, 
and precipitated them by acidification. Ritt- 
hausen considered the solids so obtained to bo 
identical. The investigations of J olms & J ones (1916) 
have indicated that the total protein of the nut con- 
sists of globulins and a very small amount of heat- 
coagulable albumin. Tliey found it was possible, by 
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means of ammonium sulphate fractionation of a 
sodium chloride extract of grounctaut meal, to 
separate the globulins into two fractions ' arachin 
and ‘ conaraohin’ — which have been foimd to differ 
in optical rotation and in the content of sulphur, 
basic nitrogen, lysine, methionine, cystine, threo- 
nine, tryptophan and tyrosine . Later Jones & Horn 
(1930) stated that arachin could be prepared from 
10 % sodium chloride extract by dilution until the 
extract became cloudy, followed by saturation 
with carbon dioxide, or by the addition of 2 vol. of 
saturated ammonium sulphate to 3 vol. of the ex- 
tract. Arachin could also be obtained by dilution 
alone. Conarachin, which was the more soluble 
fraction, could not be isolated by dilution, but 
could be precipitated by dialysis from the filtrate 
after precipitation of the arachin fraction, or by 
complete saturation with ammonium sulphate. 
Conarachin can be coagulated at a lower temperature 
than arachin. The fractional precipitation of protein 
mixtures is known to be an arbitrary procedure (cf. 
Cohn c< al. 1940) and it is not easy to decide whether 
the arachin and conarachin are single proteins or 
mixtures in more or less constant proportions. In 
order to determine whether these protein fractions 
were homogeneous, Irving, Fontaine & Warner 
(1946) conducted electrophoretic analyses on ground- 
nut meal, arachin and conarachin. Their results 
indicated that the meal contained at least three and 
probably four components, and that the arachin and 
conarachin fractions each consisted of mixtures of at 
least two components. Johnson (1946) investigated 
the groundnut protein fractions by the ultracentri- 
fugo. He found that the arachin obtained by dilution 
and addition of carbon dioxide consisted of at least 
two sedimenting species of protein, while arachin ob- 
tained from ammonium sulphate fractionation had 
only one major constituent. Danielsson (1949) has 
made a study of seed globulins in the ultracentrifuge 
and showed the globulins of many leguminous 
plants, including A. hypogaea, to contain ‘vicilin’ 
and ‘logumin’ wdth molecular weights of 186 000 
and 331 000 respectively. He made no attempt to 
relate his fractions to arachin and conarachin. 
Karon, Adams & Altschul (1960) have shown by 
olootrophoretie measurements that groundnut pro- 
tein consists of two major and several minor com- 
ponents. If the protein was separated from a meal 


GROUNDNUT PROTEINS 

parent molecule of this fraction with a moleciffar 
weight of about 400 000 dissociates rmder appropriate 
conditions into two sub-units of molecular weight 
200 000. The parent and sub-molecules are very 
easily distinguishable with the ultracentrifuge. 

From the literature it appeared that the most 
practical method for preparing protein fractions 
in experimental quantities was fractionation by 
differential solubilities. Differential solubility in 
various concentrations of sodium chloride, indicated 
by Jones and his co-workers and Johnson and his 
co-workers, seemed the simplest procedure. The 
possibility of fractionation using salts other than 
sodium chloride and even aqueous solvents other 
than salt solutions has not been overlooked, but the 
work reported here has been restricted to the use of 
sodium chloride. Methods of fractionation based on 
electrophoresis or ultracentrifugation appeared to 
offer no opportunities on the scale necessary. 


EXPERIMENTAL 

In the literature the principal method of extraction of the 
protein from groundnut meal is hy extraction with salt 
solution. In the extraction of protein for fibre manufacture 
by the ‘Ardil’ process described by Traill (1945) dilute 
aqueous caustic soda (Od g. N»0H/1. of water) is employed, 
and the protein is precipitated from this solution by 
adjusting to the pH of lowest solubility, which is 5. Protein 
extracted and precipitated in this way may be washed and 
spray-dried. This spray-dried product is the starting point 
for the investigation described in the present paper. 

The work on fractionation of spray-dried groundnut 
protein divided itself into three main sections: 

(o) The investigation of the solubility of spray-dried 
protein from nuts from various sources in aqueous solutions 
ofNaCl. 

(5) The study of the fractions present by a chromato- 
graphic technique. 

(c) Isolation of suitable fractions in sufficient quantity for 
tests of fibre-forming properties. 

The, investigation of the solubility of spray-dried 
groundnut protein from nuts from various sources in 
aqueous solutions of sodium chloride 

The separation of groundnut protein into two fractions, 
one of which was soluble in both 10 and 2 % (w/v) aqueous 
NaCl in slightly acid solution, and one which was soluble in 
10%, but insoluble in 2% aqueous KaCI under the same 

pH o to romov 0 soluble sugar and phytm, the major detail the effects of varying salt concentration and pH value 
component separated mto two almost equal frac- over a limited range. This range was from 0 to 10°/ NaCl 
tions. Ihoro is evidence of the close relationship ®°®'=®“*^ration and pH 1-7, and mthin this range the protein 
botwoen tho protein components of the groundnut ®®^“biliti6s were determined. Spray-dried protein (4 g.) was 
in tho intorconversion from one component to the m 100 ml. aqueous salt solution of the stated con- 

other which takes place in alkaline buffer solutions. ad justed mthNaOH or Ha (dilution 

Johnson, Joubert & Shooter (1950), in more recent „ ^ negligibly small) until equilibrium was 

work, have investigated reversible dissociation of ® the mixture was filtered 

.1.. T„»,. 
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and then the methylated spirit was washed out with 
acetone. The residue was oven-dried and weighed. By this 
method the protein which remains behind on the filter 
paper will he contaminated with NaCI. The errors caused by 
this salt were less than 2 % of the weight of residual protein. 
Difficulties were encountered because in each pH range at 
certain salt concentrations the whole of the protein residue 
swelled and became jelly-like. Under these conditions the 



Fig. 1. Fractional solubility of groundnut protein (batch 1) 
in aqueous sodium chloride. For details see text. A, pH 7 
□ ,pH5; x,pH3;0.pHl. 
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The study of fractions present by a 
chromatographic technique 

At this stage in the work the need for a rapid method for 
identifying arachin and conarachin was felt. A chromato- 
graphic technique was evolved which showed considerable 
promise. 

K a 10% (w/v) aqueous solution of NaCl is allowed to 
difiuse from a reservoir across a filter paper already wet by 
water, the diffusion front will not be sharp but will consist of 
a boundary area ■with salt concentrations varying from 0 to 
10 %. The movement of this boundary area will be acceler- 
ated by permitting free evaporation of water from the filter 



Fig. 2. Fractional solubility of groundnut protein (batch 2) 
in aqueous sodium chloride. For details see text. A,pH7; 
□,pH 5; 5<,pH3; 0,pH 1. 


distinction between soluble and insoluble was far from clear- 
cut. Figs. 1 and 2 show the solubilities of protein from two 
samples of groundnuts (from two different areas in Africa) in 
aqueous NaCl solutions (0-10%, w/v) in the pH range 1-7. 
Such data are best considered as a solid diagram, and such 
solids can be visualized from Figs. 1 and 2, the curves being 
cross-sections. In Fig. 1 the follorving may be observed, 
(i) the point of minimum solubility (pH 5 in water) becomes 
more acid as salt concentration increases; (ii) at pH 7 the 
solubility is bigb at all salt concentrations; (iii) there is a fall 
in solubUity between salt concentrations of 9 and 6% at 
pH 6. This last appears to be due to the insolubility of 
Jones’s arachin at low salt concentration. In Fig. 2 it may be 
seen that the fall in solubility described in (iii) is not present. 
The protein of Fig. 2 appears to be deficient in arachin. It 
may be seen that separation into the two solubility forms of 
Jones (both soluble in 10% salt but only one soluble in 2% 
salt) can be carried out at pH 5. This pH value corresponds 
reasonably with that attained by Jones on the addition of 
COj and exactly with the pH value used by Johnson. The 
spray-dried protein from both sources contains a fraction 
which is insoluble in 10% salt; this at pH 7 amounte to 
about 30% of the whole protein and at pH 5 to about 50 /o- 


paper. It has been foimd that if the first of the diffusing salt 
solution also had groundnut protein in solution, separation 
into two forms, arachin and conarachin, occurred at the 
diffusion front. This was most easily observed by dyemg the 
protein on the paper by the method of Jones & JOchael 
(1950). A study has not yet been made of the mechanism ot 
this separation, but it seems likely that displacement 
chromatography or salting-in chromato^aphy may occur 
(Shepard & Tiselius, 1949; Swingle & Tiselius, 1951; Tise- 
lius, 1948). The practical details of the development of the 
chromatogram are filustrated by reference to Fig. 3. A 
filter paper is cut into the mushroom shape shoivn and is 
soaked with distilled water. Any surplus is removed by 
blotting. One drop of a solution of groundnut protein in 
10% aqueous NaCl is placed in the area shaded. This forms 
a barrier above the wick which dips into a vessel containing 

10% aqueousNaCl. As the water from the paper evaporates 

the salt solution spreads upwards and outwards. After 

about 15 min. the paper is ready for dyemg. 

Using this method the arachin and conarachm separated 
quite clearly into lines with a separation of M mm 
(Fie. 4). The front line, being in the more ddute part ot tt e 
Lne, was identified as conarachin and the rear line as 
arachin. The identity of these lines was tested in several 
ways. According to Jones & Horn (1930) <=°"arachini 
precipitated by heating. A solution of the protein in 10 A 
Lci^solution which gave two lines origmally, gave only one 
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after boUing and filtering off the precipitate (Fig. 6). This 
one line was presumably the araohin line. If arachin is pre- 
cipitated from the original ‘two-line’ solution by dilution 
and filtered off, the filtrate should consist of conarachin 
alone. When such a filtrate was fortified with salt to 10 % 
again the resulting figure showed one line only, the con- 
araohin line. This solution, mixed with the araehin filtrate 
from the previous experiment, gave a two-line diagram. 
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arachin. The residue was extracted with 10 % ( w/v) aqueous 
NaCl to give a solution of arachin and a residue of the 
fraction insoluble in 10 % (w’/v) NaCl. Alternatively, whole 
protein was extracted first with 10% (w/v) aqueous NaCl 
to give a solution of arachin and conarachin, and a residue 
insoluble in 10% (w/v) NaCl. The solution was diluted with 
four times its volume of water to precipitate the arachin. 
Conarachin remained in solution. 


GROUNDNUT PROTEINS 







Fig. 4. Chromatogram of groundnut protein in aqueous 
sodium chloride. Conarachin line outside araohin line. 

Similar confirmation was obtained b 3 ' using the dilution 
precipitate as the source of araohin and the 2% salt extract 
of the whole protein as the source of conarachin. 

Two routes are available for the preparation of araohin and 
conarachin from spray-dried groundnut protein at pH 5. 

In a study of these routes whole protein was extracted 
first with 2% (w/v) aqueous NaCl to give a solution of con- 


Fig. 5. Chromatogram of groundnut protein boiled in 
aqueous sodium chloride. Arachin line showing. 

Fig. 6 shows a full investigation of the two routes using the 
chromatographic technique. From this there is no evidence 
of a form insoluble in 10 % (w/v) aqueous NaCl and soluble in 
2% (w/v) NaCl. 

It would also appear that the chromatographic technique 
separates the proteins into the same fractions as solubility 
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Table 1, Fibre-forming properties of fractionated groundnut protein 
(A=arachin; C = conarachm; X=m8oluble in 10 % aqueous NaCl at pH 5.) 
Extruded solution 
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Fraction 
Whole protein 

Insoluble in 10% (w/y) Nad 
Insoluble in 2% (w/v) NaCl 
Arachin 

Soluble in 10% (w/v) NaCl 


(g./lOO g. water) 


Constituents 

ACX 


NaOH 

1-1 

0-8 

1-0 

0-9 

0-7 


Protein 

26 

19 

21 

24 

18 


Conarachin 


Fibre-forming 

properties 

Good 

Good 

Good 

Good 

Bad 

Unspinnable 


Remarks 

\ Discrete filaments, easily 
J stretched 

Stuck filaments, diflScult 
to stretch 

Filaments, when formed, 
too weak to remove 
from coagulating bath 


methods and shows no sign of the complexities in the 
solubility fractions shown by ultracentrifuge and electro- 
phoresis work. No examination of the present preparations 
was made by the latter two methods, and, until this is done, 
it must be supposed that the chromatographic separation is 
as arbitrary as Cohn et al. (1940) consider fractional pre- 
cipitation to be. 

Isolation of suitable fractions for 
fibre-formation tests 

The primaiy object of this research is the development of 
a protein fibre made from groundnut protein. Experience 
has shown that variations occur in the fibre-forming pro- 
perties of difierent lots of protein. An accurate method of 
measurement of these fibre-forming properties has yet to be 
developed, but in filament extrusion in the laboratory, in 
accordance with the ‘ Ardil’ process, there is no difliculty in 
assessing fibre-forming properties as good, bad or un- 
spinnable. This assessment is based on the ability, on 
extrusion from a many-holed spinneret, to form discrete 
filaments which, during coagulation, may be stretched to 
several times the extruded length and may be wound out of 
the coagulating bath. Where these conditions are fulfilled, 
fibre formation may be regarded as good. Where the first two 
conditions are not fulfilled, but the third is, the fibre forma- 
tion is bad. Where all three are unfulfilled the material is 
unspinnable. 

With this as a basis, extrusion experiments were per- 
formed on whole groundnut protein and on suitable fractions 
of the same lot of protein. The protein fractions were pre- 
pared for extrusion by dissolving them in dilute aqueous 
caustic soda in accordance with the directions of Traill 
(1945). After maturing for 20 hr. at 20° solutions of suitable 
viscosity were obtained. These solutions were extruded 
through viscose spinnerets into a coagulating bath at 30° 
composed of 11 ml. H2SO4 and 250 g. Na2S04 dissolved in 
1 1. of water. Table 1 shows the fractions used, the com- 
position of the solution extruded and the results obtained. 

The mixed fraction which is insoluble in 2% (w/v) NaCl 
(Table 1) contained arachin and insoluble fractions in the 
same proportions as they occurred in the parent protein, and 
similarly for the arachin and conarachin in the mixed 
fraction which was soluble in 10% (w/v) sodium chloride. 
Both arachin and insoluble fractions were good fibre- 
formers and conarachin was not. A mixture of arachin and 
the insoluble fraction was also a good fibre-former. Con- 
arachin could be tolerated in the proportion in which it 


occurs in the whole protein, but when the proportion was 
increased by removing the insoluble fraction, fibre formation 
deteriorated. 

No made-up mixtures of the fractions were studied in 
these experiments, but it is proposed to continue the work 
with such studies. 

DISCUSSION 

The protein of the groundnut, whether extracted by 
aqueous sodium chloride or by aqueous caustic soda 
is of some complexity. The position is not greatly 
clarified by considering the differences in the 
components shown by the solubility evidence, the 
ultracentrifugal evidence and the electrophoretic 
evidence. From the point of view of commercial 
fibre formation the presence of a considerable 
fraction showing no fibre-forming properties what- 
ever is interesting. There is immediate need for a 
study of the interaction of three selected fractions 
(arachin, conarachin and insoluble fraction) on the 
properties of the finished fibre. The fraction which is 
insoluble in 10 % (w/v) aqueous sodium chloride at 
pH 5 requires fmt;her study. Some of this fraction is 
soluble in 10 % sodium chloride at pH 7 while more 
of it is not. It may well consist of a less soluble 
derivative of either arachin or conarachin, but no 
experimental evidence is presented in support of 
this view. 

SUmiAIlY 

1. The solubility has been determined of ground- 
nut protein in aqueous solutions of sodium chloride 
at concentrations up to 10 % (w/v) and over the pH 
range 1-7. 

2. A paper-chromatographic technique has been 
developed which demonstrates the presence or 
absence of arachin and conarachin. 

3. Arachin, conarachin and a third fraction which 
is insoluble in 10 % aqueous sodimn chloride have 
been studied as fibre-forming agents. 

The author wishes to thank Sir J. E. L. Thomas for helpful 
discussion, and Mr W. Hart for much of the experimental 
work. 
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Paper partition chromatography, first described by 
Consden, Gordon & Martin (1944), has proved an 
effective irvethodfor separating the simpler chemical 
compounds from complex mixtures such as protein 
hydrolysates and for identifying them on a micro- 
scale. So far, paper partition chromatography has 
been used chiefly in the analysis of amino -acids, 
carbohydrates, purines, nucleic acids, organic acids, 
vitamins and other substances of biological import- 
ance. Very little is recorded in the literature on the 
application of this technique or of adsorption chro- 
matography on paper to the study of enzymes, 
except the recently published reports by Franldin & 
Quostel (1949), Mitchell, Gordon & Haskins (1949) 
and Reid (1960). Franklin & Quastel (1949) have 
reported their preliminary investigations on the 
enzyme urease. They studied the movement of this 
enzyme on paper, using a cysteine-glycine solution as 
the developing solvent and determined the activity 
of the enzyme on paper, manometrically. They 
showed that the movement of the enzyme on paper 
can be followed by this teclmique, without the en- 
zjTno losing its activity during the experiment. How- 
ever, they did not attempt to separate enzymes by 
this technique. Mitchell cl ah (1949) made use of the 
‘chromatopilo’ (a pile of filter -paper dislrs) for the 
separation of the constituents of takadiastase pre- 
parations, by placing the enzjme mixture near the 
top of the filter-paper pile and fractionating by a 
process involving sohibilit 5 ’’ in a concentration gra- 
dient. Tliey report that some separation of adenosine 
deaminase from amylase was obtained bj’’ using 
aqueous ammotiium sulphate as the solvent. In these 
methods the enzymes are located by carrjdng out a 

soriesofdeterminationsoftheactivityoftheenzjTnes 


present in different parts of the paper. This procedure 
is very cumbersome and time-consuming for 
carrying out preliminary investigations on the move- 
ment of enzymes on paper. As a consequence, we 
have employed a simpler technique for locating the 
enzymes on paper, using agar plate containing the 
substrate on which the enzyme acts and suitable 
reagents for the detection of the hydrolysed pro- 
ducts (cf. Goodall & Levi, 1947). The ease with 
which the enzymes on paper can be located by 
means of this teclmique prompted us to investigate 
the movement of enzymes on paper, with a view to 
separating enzymes by paper chromatography. 
Reid (1960) has given a preliminary account of 
similar studies, chiefly with fungal enzymes. The 
essential feature is the use of precipitating solvents 
such as aqueous acetone or alcohol or salt solutions 
as the moving phase (for references see Swingle 
& Tiselius, 1951). A preliminary account of this 
technique has already been given (Giri & Prasad 
1951). 

It is intended in the present paper to demonstrate 
the usefulness and potentialities of this technique 
in the study of the chromatographic behaviour of 
enzymes and to describe some examples of the 
separation of enzymes, which have so far been 
achieved in preliminary investigations of some 
important enzyme systems. The study of other 
enzjunes is in progress. 


lUAJLiSKlAb 


Tbe vanous enzyme preparations used in the present 
mvestigations were either isolated as dry powder bv 
obtain ;d as aqueous extracts from natural 
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Amylases 

Amylase from sweet potato. This enzyme was prepared 
from aqueous extract of the dried powder of sweet potatoes 
by precipitation with 4 vol. of 95% (w/v) aqueous ethanol 
as described by Giri (1934). 0-10 g. of the preparation was 
dissolved in 1 ml. of water and centrifuged to remove the 
suspended impurities, and the clear aqueous extract was 
used. 

Amylasefrom saliva. The enz3nne was prepared from saliva 
according to the method of Hanes & Cattle (1938). 0-30 g. 
of the enzyme preparation was dissolved in 10 ml. of water. 

Amylasefrom Aspergillus niger. The amylase solution was 
prepared by extraction of 1 part of dry mycelium with 
10 parts of water for 4 hr. and subsequent filtration. The 
clear filtrate was used, without further treatment, as source 
of the enzyme, 

Amylasefrom rice. Germinated and dried rice powder was 
extracted with 8 times its volume of water and the enzyme 
mixture was precipitated from the extract by the addition 
of three volumes of acetone. The precipitate obtained from 
15 ml. of original extract was dissolved in 0-25 ml. of water. 

Phosphatases 

Kidney and liver phosphatases. The enzyme preparations 
were obtained from acetone powders which were prepared 
from the kidney and liver (sheep and rat) in the conventional 
manner. The tissues were washed free from blood with cold 
water and minced well. The minced tissue was ground 
with acetone and filtered. It was treated with a further 
quantity of acetone followed by ether and filtered. The pre- 
paration thus obtained was first dried in a current of air and 
then in a vacuum desiccator over H2SO4. The dry material 
was ground finely and used for extraction of the enzjmes. 

For extraction, 1-0 g. of the powder was triturated ivith 
20 ml. of cold water for 2-3 hr. The insoluble material was 
removed by centrifugation. The supernatant liquid was 
kept in a refrigerator under toluene. This solution was 
used directly. 

Serum phosphatase. Human, rat and chick sera were used 
as such as source of the enzyme. 

Phosphorylase 

Green gram (Phaseolus radiatus), both resting and germin- 
ated, was used as source of the enzyme. The resting seeds 
were powdered, sieved (100 mesh) and extracted with 5 vol. 
of water for 3-4 hr. at 0°. The clear solution obtained on 
centrifugation was used as a source of the enzyme. For the 
preparation of enzyme extract from the germinated seeds, 
the same proportion of water to the weight of the seeds was 
used for extraction. 

METHODS 

With a mioropipette (7—12 /J.) known volumes of the 
enzyme solutions were placed on a filter paper (Whatman 
no. 1; 45-50 cm. long and 14^18 cm. wide) at intervals of 
about 2-5 cm. on a line drawn about 10 cm. from one end of 
the filter paper. Care was taken to confine the enzyme to 
a spot of as small an area as possible (about 1 cm. in dia- 
meter). A total of 50 yl. of the enzyme solution could be 
deposited on the paper within such an area by applying it in 
7-10 ;il. portions and allowing to dry before the next 
application. After drying, the paper was hung from a glass 
trough fitted near the top of a rectangular glass chamber. 
The whole assembly was kept in a refrigerator at 0—5°. 


The bottom of the glass chamber was covered with the 
aqueous solution to maintain suitable conditions of humi- 
dity. The solvent was then poured into the glass trough and 
allowed to spread down the paper sufficiently far beyond 
the starting line. Usually the chromatogram was allowed 
to run until the solvent had advanced about 20 cm. from 
the starting line. Approximately 4-8 hr. run was sufficient 
in most cases. With w-butanol as solvent, however, about 
16-20 hr. were necessary for the solvent front to travel the 
same distance as the other solvents. After the solvent had 
travelled a convenient distance, the paper strip was re- 
moved and the limit of excursion of the solvent marked. 
The paper was allowed to dry at room temperature. The 
position of the enzymes on the paper was located as follows. 

Identification of enzymes on the paper 

The agar-substrate media used for the detection of the 
various enzymes consisted of 2 g. agar-agar, with the fol- 
lowing additions, made to final volume 100 ml. with water. 

Amylases. ‘Soluble starch,’ 1 g. (British Drug Houses 
Ltd.) and 30 ml. of 0'2M-sodium acetate buffer (pH 4-6) 
for sweet-potato amylase or 30 ml. of 0-067M-phosphate 
buffer (lfH2P04-f Na2HP04; pH 7-0) for salivary and 
Aspergillus niger amylases. 

Phosphatases. Sodium phenolphthalein phosphate (O-l g.) 
and 30 ml. of 0-02M-sodium acetate buffer (pH 5-2) for acid 
phosphatase or 30 ml. of O-lir-sodium glycine buffer 
(pH 9-2) containing also 0'58% (w/v) NaCl for alkaline 
phosphatase. 

Phosphorylases. Gluoose-l-phosphate, 0-2 g. (Kj salt) 
and 30 ml. of 0-2M-sodium citrate buffer (pH 6-0). 

The mixtures were usually made after autoclaving the 
agar solution. The agar-substrate medium, while still hot, 
was poured on a glass plate 16 by 8 in. This was allowed to 
cool. The dried paper-strip chromatogram was laid gently 
on the agar plate and allowed to remain on it for 4-12 hr. 
at room temp. (20-30°), depending on the activity of 
the enzyme. The paper was then removed gently without 
disturbing the surface of the agar layer and the surface was 
flooded with the appropriate reagent. Iodine solution 
(0-01 N) was used for the detection of amylases and phos- 
phorylases and 0-1 N-NaOH for the detection of phospha- 
tases. We could also locate the position of phosphatases by 
locating the inorganic P formed by their action on sodium 
glycerophosphate. It was, however, found that clear spots 
were obtained using phenolphthalein-phosphate as sub- 
strate. The positions of the enzymes on paper were clearly 
indicated by the formation of colom-ed or colourless spots 
on the agar plate. The presence of )3-amylase or a-amylase 
was indicated by the formation of violet or colourless spots 
respectively against a blue background. Phosphorylase pro- 
duced a blue spot while phosphatases produced pink spots 
against a colourless background. The position of the en- 
zymes on the paper was also indicated by spraying the above 
reagents on the paper itself. It was, however, found that 
well-defined and clear spots were best obtained on the 
surface of the agar plate. 

For locating on the same chromatogram enzymes which 
hydrolyse the same substrate at different pH’s (such as the 
alkaline and acid phosphatases) or act on different sub- 
strates (like phosphorylase and amylase) the paper was out 
into strips longitudinally, each carzying the enzyme con- 
cerned. The strips were then placed on the agar plate con- 
taining suitable substrate and adjusted to suitable pH. 



Vol. 51 


125 


PAPER CHROMATOGRAPHY OF ENZYMES 


Developing solutions 

The choice of developing solution for the chromatography 
of enzymes is rather limited on accoimt of the labile nature 
of enzymes. It appeared probable that the movement of 
enzymes on paper might be obtained by using the ordinary 
solvents employed for precipitating enzymes. Aqueous 
acetone, aqueous ethanol and saline solution were, there- 
fore, chosen for trial, n-Butanol saturated with water was 
also tried, as it was found to have no deleterious effect on 
the enzymes. After a series of trials with all these solvents 
mixed in various proportions with water, it was found 
that aqueous acetone (20-50 %. v/v) and sodium chloride 
(2-20%, w/v) proved the most useful developing agents for 
the separation of some of the enzymes investigated. The 
enzymes did not travel at all when 71-butanol saturated with 
water was used as solvent. 

RESULTS 

Movement of enzymes in various developing solutions 

The technique described was first applied to the study of 
the movement of various important enz3rme3 and later 
extended to the resolution of the individual enzymes in 
mixtures and in extracts of plant and animal tissues. 
Table 1 gives the position on the chromatograms of the 
enzymes from plant and animal tissues and blood sera in 
various developing solutions. The Sp values (Consden et al. 
1044) represent the average of several experiments. This 
table is intended to serve as a guide to the relative positions 
of the enzymes on paper, under the experimental conditions. 
The movement of the enzymes is influenced by the nature of 
the accompanying substances present in the enzyme pre- 
parations employed, the concentration of the enzyme, the 
nature of the developing solution and other unknown 
factors. 

It will be apparent from the data given that some of the 
enzymes investigated have high Rj. values while others do 


not 8ho^Y any movement at all. Aqueous ethanol (60 %, v/v), 
acetone (50 %, v/v) and NaCl solution (2 %, w/v) bring 
about the movement of many of the enzymes investigated. 
^-Amylase (from sweet potato), amylase from A. niger, 
phosphorylase from green gram and amylase from germin- 
ated rice show considerable movement, while a-amylase 
(salivary) does not move at all. One of the alkaline phos- 
phatases of kidney and the alkaline phosphatases of rat 
and human sera also do not show any movement. 

Solvents such as 71-butanol and acetone containing very 
little water do not bring about the movement of the 
enz3rmes. 

Chromatography of mixtures of enzymes 

The observation that enz3rmes move on paper without 
losing their activity and that the rate of movement differs 
from one enz5Tne to another depending on their degree of 
aggregation and the strength of association with other pro- 
teins and accompanying substances indicates the basis for 
a chromatographic separation of enzymes. The technique 
described above may, in fact, be applied to the separation 
of enz3rmes from one another, and examples of the 
separation of enz5rmes which has so far been achieved in 
preliminary investigations are given below. 

Separation of a.-amylase (salivary) and amylase from 
A. niger. We have succeeded in separating the components 
of such a mixture, using aqueous acetone (50%, v/v) as the 
developing solvent. A typical chromatogram of a mixture 
of these two amylases is shown in Fig. 1. It can be seen 
firom the figure that the separation of the two amylases is 
readily achieved. The salivary amylase remains at the 
starting point, while the amylase of A. niger travels down 
the paper. Thus it is possible by means of this technique 
to separate firom one another even closely related enzymes 
like the two a-amylases. Although a mixture of salivary 
amylase and the amylase of A. niger can be separated, the 
complicated shape of the chromatogram obtained in the 
case of a mixture of salivary amylase and ^-amylase 


Table 1. Behaviour of enzymes on paper chromatograms 


Enzyme 

a-Amylase 

P-Amylase 

a-Amylase 

Am3'lasca 

Amj’lases 

Phospliorylase 


Acid phosphatase 
Alkaline phosphatase 
Acid phosphatase 
Alkaline phosphatase 
Acid phosphatase 
.-Mkaline phosphatase 
••Vcid phosphatase 
.Mkaline phosphatase 
Alkaline phosphatase 
Alkaline phosphatase 
-Mkaline phosphatase 


Source 


Aspergillus niger 
Sweet potato 
Saliva 

Germinated rice 
Germinated rice 
Green gram (14 pi.) 


(21 pi.) 
(28 pi.) 

(42 pi.) 

(28 pi.) 

Rat kidney 
Rat kidney 
Sheep kidney 
Sheep kidney 
Sheep kidney 
Sheep kidney 
Rat liver 
Rat liver 

Chick serum (22 pi.) 
Human serum (88 pi 
Rat serum (55 pi.) 


Solvent used 

Aqueous acetone (50%, v/v) 
Aqueous acetone (50%, v/v) 
Aqueous acetone (50%, v/v) 
0-33M-NaCl 

Acetone-water 75/25 (v/v) 

0-33 M-NaCl 

0-33 si-NaCl 

0-33 M-NaCl 

0-33 M-NaCl 

3 M-NaCl 

0-33 Ji-NaCl 

0-33 si-NaCl 

0-33 M-NaCl 

0-33 M-NaCl 

Aqueous acetone (30%, v/v) 
(30%, v/v) 

U"33 M-NaCl 
0-33 M-NaCl 
0-33 M-NaCl 
0-33 M-NaCl 
0-33 M-NaCl 


* Two 


Rr 
0-75 
0-50 
0-00 
0, 0-67* 

0 

0-77 

0-74 

0-65 

0-55 

0-68 

0-61 

0-00, 0-67* 
0-53 

0-00, 0-61* 
0-53 

0-00, 0-60* 
0-63 
0-67 
0-65 
0-00 
000 


components. 
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from sweet potato renders the separation of these two 
enzymes from one another somewhat difiicult at the 
present stage. 

Amylases from germinated rice. Similarly, clear separation 
of amylases occurring in aqueous extracts of germinated 
rice into two enzymes, one having no movement at all and 
the other having an Rp value of 0‘67 was achieved using 
NaCl solution (Fig. 2). We have not as yet been able to 
characterize these two amylases, 

1 2 3 . 


1952 

the chromatogram of chick serum phosphatase showed the 
existence of a mobile phosphatase. The difference in the 
movement of the phosphatases of rat and human sera on 
the one hand and that of chick serum on the other is rather 
striking. This characteristic difference in the chromate- 




• sf 



L ! 








Kg. 2. Chromatogram of amylases of aqueous extract of 
germinated rice showing the presence of two distinct 
amylases. One remains at the origin while the other 
moves down. 2 % (w/v) aqueous NaCl; 0, starting line; 
S, solvent front. 


Fig. 1. Chromatograms of a mixture of a-amylase (salivary) 
and amylase from A. niger 50% (v/v) aqueous acetone: 
0, starting line; S, solvent front; 1, a-amylase (salivary); 
2, a-amylase (spot at the starting line) and amylase from 
A. niger (spot at the bottom); 3, amylase from A. niger. 

Kidney phosphatases. Clear separation of the phospha- 
tases present in rat, guinea pig and sheep-kidney extracts 
into two distinct alkaline phosphatases (one of them having 
an Bp value of 0-62-0'68 and the other showing no move- 
ment) and one acid phosphatase with an Bp value of 
0-53-0-61 which moves slightly more slowly than the 
corresponding alkaline phosphatase was achieved by this 
method (Fig. 3). Fimther investigation is in progress on 
the characterization of the two alkaline phosphatases which 
have been chromatographically shown to be quite distinct 
from one another. Pending further knowledge of the nature 
of these phosphatases it is proposed to name them as 
stationary and mobile phosphatases. 

Liver phosphatases. The examination of the chromato- 
grams (Fig. 3) reveals the presence of mobile acid and 
alkaline phosphatases. 

Serum phosphatases. The chromatograms of the phospha- 
tases of human and rat sera showed the existence of alkaline 
and acid phosphatases both of which were stationary, while 



Kg. 3. Chromatograms of phosphatases from kitoey and 
liver of rat. 2 % (w/v) aqueous NaCl; 0, starting line; 
S, solvent front; A I, alkaline phosphatase of liver; 
A 2, alkaline phosphatase of kidney; J51, acid phospha- 
tase of liver; B2, acid phosphatase of kidney. 
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iriirii»xv 

. 1. *v,- w flllmline phosphatase of huraan serum and one 

graphic behaviours of the sera of f the alkaline phosphatases of kidney do not sh^ 

L4al and pathological ^^^at £l, and they are « at the 

Amylase of germinaLd starting point, irrespeetive of the solvent ^^ed Tl^ 

tinTvl^uB^^^^^^ did not prove fruitful ^^her enzymes investigated, namely, amylase from 
due to *e fact that both enzymes moved together. Fig. 4 jS-amylase from sweet potato, phosphory- 

shows the interesting fact that on developing the agar plate the acid phosphatase and o 

,vith iodine solution there is a small break in the middle 



I'ig. 4. Chromatograms of the amylase and phosphorylase 
of aqueous extract of germinated green gram {Phaseolus 
radialiis). 2 % (w/v) aqueous NaCl; 0, starting line; 
S, solvent front. 1, amylase; 2, phosphorylase (showing 
the position of the amylase by the absence of phosphory- 
lase actiwty at the centre of the spot). 


Fig. 5. Chromatograms of phosphorylase from green gram 
{Phaseolus radiaius) showing the influence of concentra- 
tion of the enzyme on the rate of movement. 2 % (w/v) 
aqueous NaCl; 0, starting Une; S, solvent front. 1, 14 p.1.; 
2, 28 ;tl. ; 3, 42 ^1. enzyme solution applied to paper. 


of the long blue spot. This is clearly the position of the 
amj'laso which cither prevents the phosphorylase from 
acting on the Cori ester present in the agar or hydrolyses 
the starch synthesized from it. 

DISCUSSION 

'J'lio jircsont data offer an idea of the chromato- 
graphic behaviour of enzjTnes on paper. Most of 
t he enzymes investigat ed travel on paper in solvents 
with high water content, such as aqueous acetone 
or alcohol and salt solutions. From the above 
results of preliminary investigations certain general- 
izations on the movement of enzjnnes on paper may 
be made. (1) Enzjnnes can be made to move on 
paper by selecting suitable solvents. The rates of 
luoveinent of the enzymes investigated differ from 
one another. Some enzjTues such as salivary amy- 


of the alkaline phosphatases of kidney, acid phos- 
phatase of liver and one of the amylases of germin- 
ated rice grain show considerable movement. 
(2) Increase in the concentration of the enzyme 
decreases its rate of movement. This has been 
observed particularly in the case of phosphorylase 
with 2 % (w/v) sodium chloride as the solvent 
(Fig. 5). (3) The values of the enzymes are also 
influenced by the distance to which the solvent front 
has advanced. This is clearly shown in the case of 
the amylase from A. ntger with aqueous acetone as 
solvent. The Rp values decrease slightly with in- 
crease in distance travelled by the solvent front 
(Giri & Prasad, 1951). (4) The rate of movement of 
the enzymes is slower wdth aqueous acetone than 
with sodium chloride as solvent. (6) Proteins and 
other non-enzjmiic impurities associated with them 
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tsnd to alter the movement of the enzyme or 
suppress it altogether. Separation of enzymes under 
such conditions can still be achieved by choosing 
a suitable solvent. It may be that in some instances 
the lack of movement of enzymes on paper is due 
to protein interaction with other impurities present 
in the extract or adsorption of the enzyme on to 
other substances which are absorbed on paper. Too 
little is known about these factors. For this reason 
it is clearly important that the material used should 
be as free as possible from impurities, and exact 
conditions which give complete separation must be 
determined for each of the investigated enz 3 unes. 
(6) The observation that there are two distinct and 
well-defined spots in the chromatogram of the 
alkaline phosphatase (Fig. 3) of the acetone-treated 
Iddney extract would indicate the existence of at 
least two distinct alkaline phosphatases in kidney. 
The chemical basis for the differences between the 
alkaline phosphatase is not understood. In crude 
extracts the presence of substances acting as adsor- 
bents or protective agents might contribute to the 
observed differences in the movement of the two 
enzymes. However, whatever effects such sub- 
stances may have, the two phosphatases retain their 
individuality irrespective of the solvent used. But 
this evidence should be confirmed by the isolation 
of the enzymes by chromatography using cellu- 
lose columns, and study of their characteristics 
before their non-identity is finally accepted. The 
difference in the mobility of the enzymes may lie 
in the enzymes themselves, or be due to something 
which remains firmly associated with the enzyme. 
In addition to the existing numerous histochemical 
and biochemical methods for distinguishing the 
phosphatases from one another, the paper-chroma- 
tographic method may provide a further basis for 
distinguishing these enzymes present in various 
tissues. (7) The results are easily reproducible as 
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long as the same experimental conditions are main- 
tained. When duplicates are rrm simultaneously on 
the same paper, the differences in Ep values are 
negligible. Under the experimental conditions it 
was foimd possible to reproduce with reasonable 
exactness the characteristic positions occupied by 
the enzymes. 

The paper-chromatographic method is im- 
doubtedly a useful addition to the methods used in 
enzyme chemistry for determining the identity or 
diversity of enzymes and for separating individual 
enzymes from a mixture. It is obvious that the 
chromatographic behaviour of enzymes may pro- 
vide a basis for the differentiation of enz 3 mies of 
overlapping or identical substrate specificity. The 
very small amoimts of the enzyme preparations 
used in these methods make preparative work 
difficult. For preparative work based on the same 
principle columns made from powdered paper may, 
however, prove satisfactory. 

SUMMARY 

1 . A teclmique for the identification and separa- 
tion of enzymes by paper chromatography is 
described. 

2. The application of this technique to the study 
of the movement of amylases, phosphorylases and 
phosphatases on paper has been examined and 
Rp values tabulated. 

3. Aqueous acetone, aqueous ethanol and sodium 
chloride solutions have proved useful as solvents 
for the study of the movement of the enzymes on 
paper. 

4. Some examples of the separation of enzymes 
by means of this teclmique are given. 

5. The usefulness and potentialities of this tech- 
nique in the study of the chromatographic behaviour 
of enzymes are discussed. 
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The structure of the natural anticoagulant, heparin, 
is gradually being elucidated. As each step forward 
is made, attempts to synthesize molecules with the 
biological activity of heparin receive renewed im- 
petus. It is now known (Jorpes, 1939) that heparin 
is composed of glucuronic acid and glucosamine 
though the mode of linkage of these two parts is not 
yet clear. Some of the hydroxyl groups of these 
components are esterified with sulphuric acid but the 
exact distribution of sulphate groups is uncertain. 
Recently, however, Jorpes, Bostrom & Mutt (1950) 
have shown that during the weak acid hydrolysis 
of heparin, sulphuric acid appears at the same time 
and with the same rate as amino groups, leading to 
the view that the amino group is combined with 
sulphuric acid. This conclusion is confirmed by the 
work of Meyer & Schwartz (1950). 

An important contribution to our knowledge of 
the size of heparin molecules was made by Gronwall, 
Ingleman & Mosiman (1945), who measured sedi- 
mentation and diffusion constants for a substantially 
pure preparation in theultracentrifuge. Since heparin 
is not absolutely homogeneous as regards molecular 
size it was not possible to calculate an exact value 
but a molecular weight of 17 000 was obtained as an 
average for all the molecules in the preparation. 

Heparin is also inhomogeneous in respects other 


sity for the presence of acidic sulphate groups in 
molecules with anticoagulant actiyity. The litera- 
ture contains many examples of sulphuric esters of 
polysaccharides exhibiting heparin-like activity in 
vitro. Sulphuric esters of dextran (Gronwall et al. 
1945), cellulose (Astrup & Piper, 1945a), inulin 
(Ingehnan, 1946) and alginic acid (Snyder), to 
mention but a few, have been prepared. Usually 
these esters have been reported to show one-tenth 
to one-half of the activity of heparin in vitro, but 
inulin sulphuric ester is claimed to be as active as 
heparin in vitro. 

Compounds with blood anticoagulant activity 
are easily prepared, but when submitted to toxicity 
tests some active preparations have proved fatal in 
doses only a few times greater than the minimum 
dose effective in raising the blood clotting time. 
Astrup & Piper (1945a, 6) found that some sulphuric 
esters of cellulose combined with fibrinogen to form 
an insoluble complex. They considered such an 
adverse effect on fibrinogen should not occur with 
an anticoagulant intended for clinical use. 

There appeared to be sufficient scope for syste- 
matic variation in the structure of anticoagulant 
molecules to enable combination with fibrinogen 
to be minimized while retaining a useful degree of 
anticoagulant activity. It seemed essential to con- 


than molecular weight. Several mild physical 
methods have been employed to divide seemingly 
pure samples of heparin into components differing in 
sulphur and nitrogen content and activity. Frac- 
tional recrystnllization of the brucine salt by Jorpes 
<fc Bergstrom (1937) pointed to the association of 
sulphur content with activity. In the Craig counter- 
cuiTcnt extractor O’Keef, Russo-Alesi, Dolliver & 
Stiller (1949) separated heparin into a component 
having S-2% S and an activity of 59 units/mg. and 
one with 13"3% S and an activity of 216 imits/mg. 
By tlic technique of frontal analysis, Jensen, 
Snellman & Sylven (1948) detected three or four 
components in heparin. 

From the facts outlined above, it appears that 
blood anticoagulant activity is not the property of 
a unique molecular configuration but is shared by 
a number of similar molecules occurring in the 
product ordinarily called heparin. An outstanding 
eaturo which has long been recognized is the neces- 
llioclicm. 1952, 51 


trol two factors: (1) molecular weight; (2) number 
of sulphate groups. 

Considering first the effect of molecular weight, it 
is desirable to start with a polysaccharide of which 
the molecular weight can be subjected to controlled 
variation. On account of its use as a blood plasma 
substitute (Ingehnan, 1949; Bull et al. 1949), pure 
dextran is produced in large quantities and consider- 
able attention has been given to molecular weight 
control (Ingelman, 1949 ; Ricketts, Lorenz & Maycock 
1950). Gronwall et al. (1945) describe three prepara- 
tion of dextran sulphuric acid ester. Their least 
toxic preparation was made from dextran of relative 
viscosity 2-4 in 6% solution. It may be inferred 
from the viscosity data given by Ingelman & Hailing 
(1949) that this dextran had a molecular weight 
of about 32000. The sodium salt of this dextran 
sffiphate contained 12 % sulphur, or about 1 sul- 
phate group per glucose unit so the molecular weight 
of the sodium dextran sulphate would be about 
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50 000. This is about 3 tunes the molecular weight of 
heparin. However, in a subsequent paper, reporting 
the ioxicity of an inulin sulphmic acid ester of 
molecular weight 14 000, Ingehnan (1946) expresses 
the view that ‘molecular weight is not a principal 
factor in determining toxicity ’. 


Intrinsic viscosity was obtained from measurements of 
relative viscosity at several concentrations thus: 

VBji.~Vr. “ 1 ) 

M=Umit5^, 


To resolve this point a series ofsulphmic esters of where 1 ;,.=: relative viscosity, specific viscosity, 
dextran differing widely in molecular weight and [•>?]=ui8trinsic viscosity, 
sulphur content was prepared. The cause of their 


toxicity was carefully investigated and will be 
reported separately by Dr K. Walton. 

Dextran sulphate with molecules of a certain size 
was formd to be free from toxic effects. The relation 
between blood anticoagulant activity and number 
of sulphate groups in molecules of this size was 
explored. 

On the basis of these experiments the preparation 
of dextran sulphate in a form suitable for clinical 
trial is reported. 

EXPERIMENTAL 

Material 

The starting material was dextran prepared for use as 
a plasma substitute (Bull et al. 1949). In the course of 
preparation the dextran of Leuconosioc mesenteroides was 
partially hydrolysed by boiling with 0-075 N-H 2 SO 4 until its 
intrinsic viscosity was between 0-21 and 0-36. Tests to ensure 
freedom from toxicity and antigenicity were carried out as 
described by Bull et al. (1949). 

Methods 



Sulphate groups were introduced by treating the finely 
powdered dry dextran with chlorosulphonic acid and pyri- 
dine using the proportions of reagents and conditions of 
GronwaU et al. (1945), except when variations are speci- 
fically mentioned, for example in Table 2. The dextran 
sulphate was isolated as the sodium salt in the way described 
by these authors. 
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Sulphur was determined by oxidation of organic matter 
with Benedict’s sulphm- reagent, precipitation of inorganic 
sulphate as benzidine sulphate (Owen, 1936) and titration 
with standard alkali. A dialysate was carefully tested to 
ensure the absence of inorganic sulphate from each prepara- 
tion, so that the sulphur may be regarded as ester sulphate. 
The sulphur thus determined was assumed to be combined 
in the way illustrated in the formula I. On this basis Fig. 1 
shows the calculated relationship between percentage 
sulphur in the sodium salt and the number of sulphate 
groups per glucose unit. 


SO4 groups/glucose unit 

Fig. 1. Showing the calculated relation between sulphut 
content of sodium dextran sulphate and average number 
of sulphate groups per glucose unit. 

Osmotic pressiu-e was measured in an Adair (1949) 
type of osmometer and recorded in cm. of solution after 
correction for capillarity. All measurements were made at 
3-4°. 

Anticoagulant activity was measured by the method of 
Kuizenga, Nelson & Cartland (1943) using sheep plasma. 

RESULTS 

Variation of molecular weight 

Three main types of dextran sulphate, designated 
by the letters D, E and I, were prepared. The D and 
I series were from rmfractionated hydrolysates of 
the intrinsic viscosity quoted in Table 1. The 
E series was prepared from the low molecular 
60% of a hydrolysate with intrinsic viscosity 0-24; 
this fractionation was made to minimize any over- 
lap in molecular composition between the D and 
E series. 

If the relation between intrinsic viscosity and 
molecular weight determined by Ingelman & Hai- 
ling (1945) be applied to the dextran used in these 
experiments the average molecular weight of the 
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^ dextran sulphate 

“Eifi 3S2S‘--:.=;-^— = 

Allowing for the introduction of, say, 1-3 sulphate toxic, 
croups per glucose unit, the average molecular 
weight of the D and JE types of dextran sulp^te 
would be very approximately 300 000 and 30 000 
respectively. The only estimate for the I type of 
dextran sulphate that can be obtained from the data 
given by Gronwall ct al. (1945) is a figure of less than 
20 000, allowing for the introduction of 1-3 sulphate 
groups per glucose unit. 

Table 1. Properties of dextran sulphates prepared 
from three dextrans differing widely in molecular 
weight 


Intrinsic 
viscosity 
of dextran 

Serial 

S in 

Na salt 
(%) 

SOi groups/ 
glucose 
unit 

Activity 

units/mg. 

0-36 

D 

14-6 

1-4 

— 

0'36 

D2 

17-8 

21 

— 

0-3G 

2)3 

15-4 

1-6 

15 

0-12 

E 

21-5 

3-0 

— 

0-12 

El 

13-7 

1-3 

15 

0-02 

1 

13-5 

1-2 

— 

0-02 

22 

15-2 

1-5 

15 



Evidence that the three types of dextran sulphate 
differ in average molecular weight was obtained 
from viscosity and osmotic pressure measurements. 
Viscosity was measured in O-OGG M-phosphate buffer 
at pH 7. Fig. 2 shows specific viscosity divided by 
concentration plotted against concentration for 
preparations £>3, E\ and 14 (see Tables 1, 3). 
Extrapolation directly and using the logarithmic 
method mentioned by Bawn (1948) gave identical 
values for the intrinsic viscosity. From this graph 
the intrinsic viscosity of B3 may be read as 0-69, 
E 1 ns 0-20 and 1 4 as 0-04. Similar measurements in 
9’9% (w/v) sodium chloride showed: El, 0-18; 
14, 0-03 ; and J3, 0'03; heparin sample A, 0-21; 
heparin sample B, 0-12. 

Thoosmotiepressureof 2 % (vrlv)El and 1 %(w/v) 

1 3 in 0'9 % sodium chloride solution was measured. 
The solution outside the membrane was tested with 
(oluidino blue but no motachromatic reaction was 
obtained in a test which was Imown to be sensitive 
to le.ss than 10 /ig./ml. Tlie molecular weights 
calculated from the equilibria were jE 1, 36 000 and 
1 3, 8000, but several such osmometers are necessary 
to provide acevuato estimates of number average 
ntoleculnr weight. It may be inferred from these 
data that the molecular weight of J 3 is considerably 
less than that of Bl. Using two osmometers and 
a more rclined technique, ISIr D. Sutcliffe lias 
obtained a figure of 7300 + 500 for the preparation 

Biological testing of the preparations showed that 
the 1 series of dextran sulphates was free from toxic 


Fig. 2. Showing direct { ) and logarithmic ( ) 

extrapolation to obtain intrinsic viscosity of dextran 
sulphate preparations 2)3, ©;B1, A and 24, Q. 

Variation in number of sulphate groups 

Several dextran sulphates differing in sulphur 
content were prepared from a single batch of 
dextran which had an intrinsic viscosity of 0’04. 


Table 2. Properties of dextran sulphates prepared 
from the same batch of dextran hut differing in 
sidphur content 


ClSOjH 


S in 

SO4 groups/ 


ml./lOg. 

Serial 

Na salt 

glucose 

Activity 

dextran 

(%) 

unit 

units/mg. 

14-6 

27 

16-3 

1-7 

15 

13-3 

BE 

15-9 

1-6 

15 

12-0 

BD 

14-2 

1-3 

15 

10-6 

BO 

14-3 

1-3 

15 

9-3 

BB 

11-8 

1-0 

3-76 

— 

AO 

9-2 

0-6 

<3 


Preliminary experiments indicated that alteration 
in the sulphur content was not achieved by de- 
creasing the proportion of chlorosulphonic acid from 
44 ml./lO g. dextran as quoted by Gronwall et al. 
(1945) to 14-6 ml./lO g. dextran, but was obtained 
between this value and 9-3ml./10g. dextran. 
Table 2 shows this effect, together with the sulphur 
content and activity of the resultant dextran sul- 
phate. Preparation AO, also shown in Table 2, was 
made by adding powdered dextran to the melted 
crj-stalline complex of chlorosulphonic acid and 
pjTidine (Sobel, Drechter & Natelson, 1936) and 
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Table 3. Data for large-scalo preparations ofdextran sulphate 


Intrinsic 

Weight 


Yield 

S in 

■viscosity 

dextran 


Na salt 

Na salt 

dextran 

(g-) 

Serial 

(g-) 

■ (%) 

0-02 

60 

13 

88 

17-1 

0-03 

60 

J4 

115 

17-1 

0-03 

30 

15 

41 

17.-1 

0-05 

30 

16 

41 

16-5 

0-04 

60 

11 

80 

16-3 


SO4 groups/ 

glucose Activity- 

unit units/jDg. 

1-9 15 

1-9 15 

1-9 — 

1-8 — 

1-7 16 
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isolating the product in the usual -way. The relation 
between the number of sulphate groups per glucose 
■unit and actmty reveals a sharp increase to the 
maximmn activity between 1 and 1-3 sulphate 
groups per glucose unit. 

For comparison, the provisional International 
Standard for heparin contains 12-46 % sulphur in 
the sodium salt and has an activity of 1 30 units/mg. 
Heparin sample A contained 9-3 % S and sample B 
contained 8-6 % S. 

Preparation of a non-toxic dextran sulphate 

The foregoing experiments established the con- 
ditions for the preparation of an active non-toxic 
dextran sulphate. In view of the association of 
toxicity -with increasing molecular weight the larger 
molecules were removed by fractional precipitation 
before introducing the sulphate groups. This pre- 
caution was intended to prevent significant amounts 
of toxic dextran sulphate accumulating when very 
large doses were given over a long period of time. 
A full description of the preparation of the dextran 
sulphate submitted to clinical trial -will now be 
given. 

To 3 1. of a 6-2 % {-(v/v) solution of a partial hydrolysate 
of L. mesenteroides dextran -with intrinsic -viscosity 0-25, 
300 ml. x■-HJS04^ were added and the solution boiled imder 
reflux for 4 hr. After cooling, the solution was neutralized 
■with N-NaOH, the final volume being 3-6 1. Acetone (3 1.) 
was added, and after standing overnight the syrupy precipi- 
tate containing the larger molecules -was separated. A 
further 6 1. of acetone were added, the syrup was separated, 
poured into ethanol, ground to a powder, washed -with dry 
ether and dried in vacuo over PjOs- About 100 g. were 
obtained; the intrinsic viscosity was 0-02. 

To 400 ml. dry pyridine, 88 ml. chlorosulphonio acid were 
added drop by drop -with -vigorous stirring. During the 
addition the flask was cooled in a mixture of solid COj and 
ethanol. The temperatmre was then raised to 65° when most 
of thepyridinium salts dissolved. Finely powdered dextran, 
60 g., was added and dispersed in the reaction mixture by 
vigorous stirring. The temperature was maintained at 
65-70° for 4 hr. 

After cooling, 1-51. of crushed ice and sufficient 40% 
(w/v) NaOH were added to turn the mixture dark red in 
colour and cause separation of the pyridine as an upper 
layer. The lower layer was diluted to 2 1, and brought to 
37° when 2 1, of ethanol were added. The precipitated syrup 
was allowed to settle for 10 min. only at 37° to avoid 
crystallization of Na2S04. The syrup was then separated. 


redissolved in 850 ml. water and similarly precipitated with 
850 ml. of ethanol. The precipitation was repeated again 
from 640 ml. of solution and an equal volume of ethanol. 
The final syrup was dissolved in 800 ml. of water, neutral- 
ized -with HCl, dialysed against running water and treated 
■with charcoal at 50°. The pH of the filtrate was adjusted to 
7-7-5 ■with NaOH and the solution concentrated under 
reduced pressure to 500 ml. Acetone (750 ml.) was added, 
and the precipitated syrup was poured into ethanol, ground 
to a powder, washed with ether and dried in vacuo over 
P.O5. This preparation was designated 1 3. Details of this 
and a number of similar preparations are summarized in 
Table 3. 

Dextran sulphates of the I series decompose on 
boiling in aqueous solution ■with the formation of 
inorganic sulphate and reducing substances, a point 
of some importance in connexion -with the steriliza- 
tion of solutions for intravenous administration. 
For example, after autoclaving a neutral 20 % (w/vj 
solution of 14 at 10 lb. steam pressm-e for 20 min., 
one-third of the sulphur -was liberated as sulphuric 
acid and the solution -was found to reduce Fehling’s 
reagent strongly. Some of the dextran sulphate 
■which had not decomposed was recovered and found 
to contain 13-5 % S and to be about as active as J4. 

It was foimd that this decomposition could be 
prevented by buffering the solution. The following 
mixture has proved satisfactory: dextran sulphate, 
20 g. ; sodium chloride, 0-72 g. ,- sodium bicarbonate, 
0-24 g.; water, 100 ml. A solution of this composi- 
tion had an initial pH of 8-3, and was autoclaved 
at 10 lb. for 10 min. without the appearance of 
inorganic sulphate or reducing substances, and -with- 
out appreciable loss of activity. The final pH was 6-7 
pnrl the solution approximated to the isotonicity 
required for intravenous use. 

DISCUSSION 

With dextran as -with other polysaccharides, blood 
anticoagulant actmty is readily obtained by the 
introduction of sulphate groups. Interest therefore 
centres on whether any such compounds are 
sufficiently non-toxic for clinical use . A preliminary 
communication of the results of the biological 
investigation which proceeded in parallel -with the 
experiments reported here has been given by W alton 
(1951 ) and a full account is in course of preparation. 
Toxicity was formd to increase with molecular 
weight. 
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It is therefore important to consider the evidence sulphate was qualitatively identical, in spite of the 
relatSXhe mXX weight of the three types sevenfold difference in the weight eorrespondmg 
of dextran sulphate preparation used in the bio- with a given amount of anticoagulant activity, 
logical investigation. The intrinsic viscosity of the 
dextrans and of the dextran sulphates derived from 
them indicate corresponding differences in mole- 
cular weight. The critical distinction in toxicity is 
between the E type and the I type and here the 
osmotic pressures recorded support the contention 
that the I type is of considerably lower molecular 
weight than the E type, being of the order of 
7000. 

The anticoagulant activity expressed in units/mg. 
appears to be independent of the molecular weight 
but depends on a certain minimum number of sul- 
phate groups per glucose unit. At 1-0-1-3 sulphate 
groups per glucose unit the sharp increase of activity 
to its maximum value is indicative of the appearance 
of some critical pattern of groups in the molecular 
structure. Heparin has greater activity with con- 
siderably fewer sulphate groups in the molecule. 

From the biological investigations evidence was 
obtained that the activity of heparin and dextran 


SUMMARY 

1. Molecular weight determines the toxicity of 
dextran sulphate. Molecules smaller than a critical 
size are not toxic. 

2. Maximum blood anticoagulant activity is 
attained when the number of sulphate groups 
exceeds an average of l-S per glucose rmit. 

3. Preparation of a potentially useful anti- 
coagulant drug is described. 

It is a pleasure to acknowledge here the close and fhutfol 
collaboration of my colleague. Dr Kenneth Walton, whose 
account of the biological aspects of our investigation wiU 
appear elsewhere, and to thank Prof. J. R. Squire for his 
help and encouragement. Thanks are also due to Prof. M. 
Stacey, F.R.S., for placing at my disposal the facilities 
of his Department for the larger scale preparations of 
dextran sulphate. 

I am grateful to Mr M. Hall, for his invaluable help in the 
laboratory, and to Messrs Dextran Ltd. for gifts of dextran. 
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The Occurrence of Substituted Uric Acids in Human Urine 


By E. a. JOHNSON 

Medical Hesearch Council Spcctrographic Unit, London Hospital, London, E. 1 


{Received 12 September 1961) 


In tho coureo of work on the separation of purines 
and pyrimidines from biological materials, purino 
fractions obtained from human urine have been 
examined. This work is not complete, but as it is 
being interrupted tho results so far obtained are 
given here. 

llio purino fractions employed wore obtained by 
animonincal silver precipitation of tho urine after 


phosphate removal using the reagents described b-i 
Snell & Snell (1937), and separation was effected or 
columns of the ion-exchange resin Zeo-Karb 216 hr 
methods similar to those used by Cohn (1949) for tht 
sepMation of bases from nucleic acids. Uric acid wa' 
readdy separated from the xanthines, but betweer 
these, other well-defined fractions were obtained 
vmg ultraviolet absorption spectra scarcely 
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distinguishable from those of uric acid. These 
materials were isolated, though in exceedingly small 
quantities, and were evidently methyluric acids. 
Confirmation of this was obtained by the complete 
cessation of the excretion of these materials when 
the subject abstained from tea, coffee and cocoa, 
products all containing methylxanthines, and by 
their appearance in the urine again after ingestion of 
caffeine and theophylline. 

This work therefore extends that of Myers & 
Hanzal (1946), Buchanan, Block & Christman 
(1945), Buchanan, Christman & Block (1945) and 
other workers, well summarized in the papers of 
these authors, on the metabolism of the methyl- 
xanthines. 

EXPERBIENTAL 

Separation and chromatography 

Several methods of separating purines from urine were 
briefly examined; of precipitation methods none was found 
to have any marked advantage, at least qualitatively, over 
theammoniacalsilvermethod.TheCHCljextraotion method 
of Fisher, Algeri & Walker (1949) was found to 3 deld three 
methylxanthines, probably theobromine, theophylline or 
paraxanthine,and caffeine, and at least three other unidenti- 
fied compounds. The products from these separation methods 
were examined by paper chromatography employing as 
solvent ■n-butanol-NHa (Hotchkiss, 1948) by which the 
methylated xanthines are well separated (see also Markham 
h Smith, 1949). For separation of uric acids a single-phase 
solvent mixture containing n-butanol, ethylene glycol 
monomethyl ether, acetic acid and water in the proportions 
7 ; 7 ; 2 : 4 (v/v) was found satisfactory. Chromatograms were 
usually run on paper strips 1 in. (2-5 cm.) wide by upward 
displacement in boiling tubes 12 in. long and 1'5 in. internal 
diameter (30 x 3-7 cm.). The tubes were held vertically with 
the solvent mixture in the bottom. The mouth of each tube 
was closed with a rubber stopper through which passed a 
glass rod ending in a hook on which the paper was carried. 
Two lanes could be run quite satisfactorily on such strips 
when direct comparison was required. B,p values varied 
appreciably with the ambient temperature, and values 
quoted here for the substituted uric acids are given as 
relative JJ^’s, i.e. as ratios to that of uric acid itself. In the 
above solvent at about 20°, uric acid has an Fj? value of 0-25. 
Spots were located in ultraviolet light (Holiday & Johnson, 
1949). 

The largest column of Zeo-K.arb 216 resin employed was 
21 cm. long and 1-8 cm. in diameter, and contained 12 g. 
finely ground resin (settling time 1-10 min.) mixed with an 
equal weight of Hyflo-Supercel. This was recycled a number 
of times with KOH or NHg and HCl, and finally equilibrated 
with 0-5 x-HCl. Quantities of up to 2 1. of urine were treated 
with magnesia mixture (Snell & Snell, 1937) and to 
precipitate phosphate, centrifuged, and the supernatant 
treated with a slight excess of ammoniacal silver reagent. 
After standing in the dark for at least 1 hr., the precipitate 
then formed was spun down, washed first with very dilute 
ammonia and then with water, suspended in a little water 
and jv -HCl added until the pH was about 2. The volume was 
made up to about 20-30 ml., the mixture heated to boiling 
and filtered hot. The solution was allowed to crystallize 
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overnight, depositing principally uric acid, and the super- 
natant poured on to the column. Even had it been practic- 
able to charge the column with a volume sufficient to retain 
all the uric acid in solution, it seemed very probable that this 
would have tended to crystallize out in the column during 
the separation, especially in view of the solubilizing effects 
referred to later. 0-5 x-HCl was used as eluent, and fractions 
of 4-04 ±0-02 ml. were collected by a siphon-operated 
automatic collector. The optical densities of the fractions 
were measured at a wavelength of 285 mp. with a Unicam 
SP 500 spectrophotometer. Purine from 2 1. of urine 
obtained as described above tended to overload the column, 
in that considerable overlap between fractions occurred, but 
from previous experience it was readily possible to separate 
the groups containing the individual acids. Smaller quanti- 
ties gave excellent discrimination, as sho'nm in Fig. 3. 
Xanthines were retained on the column until all uric acids 
had been eluted. They could be displaced by increasing the 
acid strength to 2 n, but there was little discrimination 
within the group. At least four xanthines were shown to be 
present in this fraction by paper chromatography. The uric 
acids were isolated from their solutions in 0-5 n-HC 1 by 
running these do^vn a column of the anion-exchange resin 
Duolite A. 2 in the free base form. The capacity of the 
column for HCl was chosen to be slightly greater than that 
present in the solution, and the uric acid was then displaced 
by O-OIn-HCI. The resulting solution was evaporated to 
dryness under reduced pressure. Earlier experiments in 
which the 0-5 n acid solution was evaporated directly indi- 
cated that some loss was incurred, and although the column 
method also involved some losses it was thought that it 
involved less chance of decomposing the uric acids. 

Identification 

Absorption spectroscopy. Probably the most straight- 
forward and generally useful method of identification for 
purines in very small quantities is that of ultraviolet ab- 
sorption spectroscopy. The absorption spectra of the three 
uric acid fractions (referred to hereafter as I, 11 and III) 
obtained from urine differed, however, from one another 
very little (Table 1). Examination of the spectra of a number 
of methyl-substituted uric acids originally made by Prof. 
H. Blitz and kindly provided by Prof. D. Keilin, F.R.S., 
showed that those substituted in the 3- and in the 9-positions 
differed significantly and characteristically from uric acid 
itself, while 1- and 7-substituted uric acids showed very 
much smaller differences. The absorption spectra of uric acid 
itself at various pH values have been published by a number 
of authors, including Holiday ( 1930), Fromhertz & Hartmann 
(1936) and Stimson & Reuter (1943), but it is felt that im- 
proved techniques justify republication (Fig. 1, Table 1). 
These curves were obtained on an automatic recording 
spectrophotometer (Holiday & Sutton, to be published) with 
point density checks on a Unicam SP 600 spectrophoto- 
meter. Two commercial samples of uric acid were em- 
ployed, purified by combinations of three methods: 
solution in cone. HoSO^ and fractional precipitation by 
dilution, precipitation from the lithium salt, and recrystal- 
lization from water or dilute hydrochloric acid. The pro- 
ducts did not differ significantly. 

Arsenophospholungstic acid colour reaction. The Benedict 
arsenophosphotungstio acid colour reaction also offered a 
valuable method of distinguishing between the various sub- 
stituted uric acids. Unfortunately, the original method of 
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pH 3 



pn 



- — “■ ""N 

Compound 

Uric acid 

f 

Amax. 

284 

230-5 

Amin. 

255 

212 

cxio'-* 

1-21 

0-365 

0-87 

0-52 

f 

291-5 

235 

^min. 

260-5 

218-5 

£ X 10-* 

1-24 

0-26 

0-985 

0-69 

7-Methyluric acid 

286 

258 

1-14 

0-39 

293 

263 

1-22 

0-30 


234 

213 

0-87 

0-50 

237 

219 

0-97 

0-595 

l-.7-Dimotbylurio acid 

285-6 

OXQ 

1-10 

— 


z 

(fraction III) 

234 

258 

Vj ‘x.OO 

0-84 

— 

— 

— 




220 

0-64 

— 

— 


1-Mothylurio acid 

283-5 

253-5 

1-14 

0-39 




— 


231 

— 

0-79 

— 

— 





218 

0-66 

— 

■ — 


3-Mothyluric acid 

287 

257 

1-10 

0-31 

z 

— 

— 


232 

— 

0-79 

— 

• — 

— 


— 

216 

0-49 

— 

— 

— 

l-.3-Dimethylurio acid 

285-5 

258 

1-16 

0-41 

— 

— 

— 


234 

— 

0-88 

— 

— 

’ — 


— 

221 

0-77 

— 

— 



A„,_. 

262 

262 

— ’ 263-5 

22 — 

,92-5 — 

— 260-5 

17-5 — 

92-5 — 

— 257-5 


Amax, 

294-5 

219-5 

296-5 

222 

296-5 

222 

292-5 

217-5 

292-5 

214 

294 

214-5 


260 


e X 10-* 

1- 35 

0- 25 

2- 54 

1- 31 

0- 255 

2- 37 

1- 27 

0- 33 

2- 60 

1- 23 

0- 30 

2- 14 

1- 49 

0- 24 

1- 84 

1-69 

0- 335 

1- 90 


Benedict & Branke (1922) and the adaptation used by 
Buchanan, Block & Christman (1945) are not suitable for 
application to microgram quantities such as are eluted from 
paper chromatograms, and yet another modification had to 



Big. 1. Ultraviolet absorption spectra of uric acid. , 

plI3j , pH 8; , pH >12. For short wave- 

length pp.-ik at pH>12 (curve H), values of c should be 
multiplied by 2. 

be worked out . It was most convenient to measure the ratio 
lietwecn the colour developed and the peak optical density 
in alkaline solution, giving a value characteristic for each 
eorapmmd without requiring any determination of absolute 
quantity present . Tlie colour development was carried out as 
follows. To 2-5 ml. uric acid solution was added 0-5 ml. of an 


aqueous solution containing 16% NajCO^ and 16% urea, 
0-5 ml. 10% aqueous NaCN, and 0-5 ml. arsenophospho- 
tungstio acid reagent (Benedict & Franks, 1922). The solu- 
tion was then ‘ seeded’ with a little of the precipitate which 
always forms after a variable delay, and left to stand for 
30 min. It was then centrifuged and the optical density of 
the supernatant measured against that of a reagent blank at 
the absorption peak 700 mp. in the Unicam SP500 spectro- 
photometer. This value was divided by the optical density at 
295 mp. given by the same amount of the uric acid in 40 ml. 
aqueous solution at a pH> 11-5. ‘Colour ratios’ obtainedin 
this manner have proved quite reproducible, and not 
significantly afieoted by the age of the reagents. The order of 
the colour ratios obtained in this manner agrees, for those 
acids used, with that given by Buchanan, Block & Christman 
(1945). All the acids substituted in position 7 give veiy low 
values. The reaction is also applicable in simplified form to 
paper chromatograms. These are lightly sprayed with 
saturated Na-COa solution, and then with the arsenophos- 
photungstio acid solution diluted 1 in 3 with water. 

Acid strength dderminalions. It would be expected that 
substitution of the possibly ionizable hydrogen atoms in the 
uric acid molecule by methyl groups would affect the acid 
strength. Biltz (1936) pves the order of acid strength of the 
four hydrogen atom positions a3 9>3>l>7, and states that 
uric acids not substituted in either the 9- or the 3-positions 
have very similar acid strengths. As a further check there- 
fore on the substitution positions of the acids isolated from 
urine, spectrophotometrio titrations were carried out on 
them and also on uric acid, 7-methyluric acid and 3-methy]- 
urio acid. The change with pH of optical density at a suitable 
wavelength was determined; buffers were not used, but, 
using a glass electrode system, solutions in very dilute acid or 
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or 'aoid, so that changel? ne^^^hfe^^he water the 

wavelengths chosen were 244 and 302 ni/^., of which the ^ material remained largely imdissolved, 

second proved the more suitable. Curves of the type shown product wliich was visuaUy free from it 

in Fig. 2 were obtained, from which pK values could he °^®'’^®''^l®ristic irregular stellate clusters 

estimated with an accuracv of abrmt, -un.i -ntr -..r,:*- 




Fig. 2. Relation between optical density and pH at 
302 mp. for fraction 11 of urinary uric acids. 

Crystallization. The isolated uric acids were recrystallized 
from water and possessed distinguishable ciystalline forms. 
Myers & Hanzal (1946) give some data on the solubilities of 
methyluric acids which, as with the xanthines, increase with 
an increasing degree of methylation. It was observed that 
the substituted acids from urine were veiy much more 
soluble in hot water than luio acid itself. 

RESULTS 

The purines from normal urine samples with no 
dietary precautions yielded by chromatography on 
a Zeo-Karb 216 resin column three fractions, as 
shown in Fig. 3 b, all showing very similar ultra- 
violet absorption spectra. The first of these was 
usually present in the greatest quantity, and was 
shown by paper chromatography, colour ratio and 
crystalline form to be uric acid itself. 

Fraction II invariably proved on isolation to be 
heterogeneous. The first crystallization of the 
evaporation residue gave an aggregate of colourless 
crystals mixed with yellowish spherical granules, 
with very variable colour ratio, 0-9-2'2, compared 
with 2-9 for uric acid itself. On paper chromato- 
graphy the material streaked badly, but gave a 
principal spot exactly corresponding in position to 
that of 7-methyluric acid, with a relative Rj. of 1*4. 
Colour reaction on the paper was largely confined to 
the streak behind this spot and to material left at the 


Fig. 3. Elution of urinary uric acids from a Zeo-Karb 216- 
resin column, (a) Pull line: after 2 days’ abstinence from 
foods and beverages containmg methylated xanthines; 
broken line: after 4 days’ abstinence, (b) After admin- 
istration of 400 mg. caffeine, (c) After administration of 
250 mg. theophylline. 

of blades. On paper chromatography after fe- 
crystallization the colour-forming streak was much 
reduced, and the colour ratio was also reduced in 
solution to 0-47. Absorption spectra of this material 
were determined at pH values of 3 and > 12, at a 
concentration of 0-245 mg. in 20 ml. They were not 
distinguishable from those of 7-methyluric acid 
(Table 1) in shape and band positions, and values 
were obtained for of 563 at 286-5 mg., pH 3, 
and 627 at 296-5 mg., pH> 12, compared with 
corresponding values of 625 and 720 for 7-methyl- 
uric acid. Further purification was not attempted, 
since too little of the material was available. 

Fraction HI appeared to be quite homogeneous. 
It was quite soluble in hot water, from which it 
crystallized in plates, though sometimes small 
needles appeared singly or in radiating clusters. The 
colour ratio was 0-175, comparing closely -with the 
value of 0-15 obtained for 7-m6thyluric acid, but 
the relative Bj, was 1-8. Absorption spectra were 
determined at pH 3 and > 12 on solutions of con- 
centration 0-303 mg. in 30 ml. The results are given 
in Table 1 ,- the reasons for considering this compound 
to be l:7-dimethyluric acid are given in the dis- 
cussion. 
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Table 2 Acid strengths, colour ratios and relaUve R, values of uric acid and some methyl derivatives 

(Colour ratios and acid strengths are detennined by the a^ethods 

. .1 - nollnqnlr-p.-ncetie acid soIvcnt,) 


Compoimd 

Uric acid 
1-Methyluric acid 

3-Methyluric acid 

7-Methyluric acid 
l;3-Dimethylurio acid 
1:7-Dimethyluric acid (fraction III) 


Colour ratio 

Relative Bp 

pKi 

pKz 

2-9 

1-0 

5-4 

10-6 

3-4 

1-5 

— 

— 

1-6 

(streaks) 

0-9 

6-2 

>11-4 (?) 


(streaks) 

5-5 

10-6 

0-15 

1-4 

1-7 

2-0 

— 

— 

0-175 

1-8 

5-7 

10-9 


Values for the pK’s of these compounds were 
determined spectrophotometrically, and it was 
found that the differences between them were very 
small, scarcely exceeding the estimated error of 
+ O' 1 pH unit. Fig. 2 shows the curve obtained for 
fraction II, from which pKi= 5'6, pK 2 = 10'6. Tliis 
particular cmrve was chosen since it is continuous; 
in other cases, the concentrations for pK^ differed 
from those used for the pKj determinations, but 
results were very similar. The other values are given 
in Table 2 ; those obtained for uric acid differ from 
the results of His & Paul (1900) quoted by Holiday 
(1930), which correspond to values of 5-1 and 8-7. 

Since it appeared probable that methyl groups 
constituted the substituents in these uric acids and 
that they were therefore metabolic products from 
methylated xanthines, some runs were carried out 
on purines from urine obtained after 2 and 4 days’ 
abstinence from foods or beverages containing such 
compovmds (Fig. 3 a) and also after oral administra- 
tion, with similar diet, of 400 mg. caffeine (Fig. 36) 
and 250 mg. theophylline (Fig. 3 c) . In each case the 
urine samples of 25 ml. wore treated similarly, and 
the purine sohrtions in 4'3 ml. of very dilute hydro- 
chloric acid wore run on a column 14 by 1*3 cm. con- 
taining 5 g. resin and a similar weight of Hyflo- 
Suporcel, which had been in use for some time and 
gave quite reproducible results. It can be seen that 
if consumption of mothylxanthines is avoided, only 
one uric acid fraction is obtained, that of uric acid 
itself. After the administration of caffeine the 
pattern found corresponds exactly to that of the 
normol urine samples previously investigated, with 
two inothyluric acid fractions in addition to that of 
uric acid, whereas the metabolism of theophylline 
yields only ono mothyluric acid fraction under the 
conditions described. 

A phenomenon which may be observed in Fig, 3, 
and which was conspicuous throughout this worh, is 
the increased amount of uric acid which may remain 
dissolved in a gi\'en volume of water or dilute hydro- 
chloric acid in the presence of methvluric acids, 
or possibly of mothylxanthines. This' solubilizing 
efloct n-ns particularly conspicuous when larger 
quantities of purine materials were dealt with; uric 


acid fractions from the column proved to be super- 
saturated and crystallized out on standing from 
volumes of solution greater than those originally 
charged to the column, which had themselves been 
allowed to crystallize to equilibrium. Examination 
by paper chromatography of the material crystal- 
lizing out of solutions from the decomposition of the 
silver purines showed that although this was 
principally uric acid, substituted uric acids and 
xanthines were also present. 

A synthetic mixture of uric acid, 3-methyluric 
acid and 3:7-dimethyluric acid was also run on the 
smaller column. 3-Methyliuic acid was eluted 
immediately after uric acid, the peaks being at 28 
and 46 ml., and the peak of the 3:7-dimethyluricacid 
fraction came at 115 ml. This experiment was 
carried out in the earlier stages of the work to deter- 
mine the behavioiu of known methyluric acids on 
the column. These particular acids were chosen since 
they could readily be distinguished by absorption 
spectra or coloiu ratios. 

DISCUSSION 

The results obtained are essentially qualitative. 
Myers & Hanzal (1946) state that the methyluric 
acids are all precipitated on standing by both 
ammoniacal silver magnesium mixture and by 
Folin’s silver lactate -lactic acid solution. Buchanan, 
Christman & Block (1945), however, state that under 
the conditions used in their work l:3-dimethyluric 
acid and 3-methyluric acid were not precipitated by 
ammoniacal silver. In the present work no evidence 
of the presence of any S-substituted acids was found. 
Further possible segregation was caused by solu- 
bility limitations, which made it impracticable to 
employ total purine fractions for analysis on resin 
columns. The effect here, however, was one of 
relative enriclunent of the more soluble methylated 
acids at the expense of tuic acid, though it was 
foimd that some methyluric acids were left in the 
crystallized material. 

Of the separated fractions, fraction II may 
reasonably be inferred to consist of a mixture of 
< -mothyluric acid and 1 -methyluric acid with the 
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yellowish granules as a possible third component. 
Both 7- and 1-methyluric acid have absorption 
spectra closely resembling that of uric acid (Table 1), 
and mixtures of the two of varying composition 
could yield the colour ratios reported, corresponding 
to an increase in the proportion of 7-methyluric acid 
in the product from recrystallization. 1-methyluric 
acid tends to streak during paper chromatography, 
but the principal spot is found at almost the same 
position as 7-methyluric acid (Table 2). After 
ingestion of theophylline (Fig. 3 c) no trace is 
observed of 3-methyluric acid, which would be 
eluted immediately after uric acid, and the single 
methyluric acid fraction must be attributed, there- 
fore, to the 1 -methyl or l:3-dimethyl compotmd; 
absorption band positions and relative intensities 
indicated that it was 1-methyluric acid. The elution 
peak of the corresponding fraction obtained after 
ingestion of caffeine lies closer to that of uric acid. 
This fraction presumably contains the two over- 
lapping elution hands of 7- and 1-methyluric acids. 

Fraction III, if derived from the oxidation, with 
or without demethylation, of methylxanthines, 
might possibly then be 1:3-, 1:7- or 3:7-dimethyluric 
acid, or l:3:7-trimethyluric acid. Since this fraction 
is not obtained from theophylline, the first is im- 
probable and is in any case excluded, since fraction 
III gives a very low colour. The last two may also be 
eliminated since their absorption spectra are quite 
distinct from that of fraction III. Unfortunately, 
no sample of l:7-dimethyluric acid was available for 
direct comparison. The absorption spectrum, how- 
ever, was scarcely distinguishable from that of 7- 
methyluric acid, and it had been observed that the 
spectra of the corresponding 7-methyl and 1:7- 
dimethylxanthines are, in fact, practically indis- 
tinguishable, and give almost identical molar 
extinction coefficients. Allowing for the very small 
amount, 0-303 mg., on which the determination was 
carried out, the values obtained for fraction III 
show good agreement with those for 7-methyluric 
acid (Table 1). 
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The almost identical acid strengths of uric acid, 
7-methyl and the presumed l:7-dimethyluric acids 
(Table 2) are in agreement with the statement by 
BUtz (1936) that all such acids not substituted in the 
3- or 9 -positions will have similar strengths, and it 
was formd that 3-methylm'ic acid is significantly 
weaker. It appears from these results that the 
separation obtained on resin columns does not de- 
pend on acid strength. It does, however, bear some 
relation to the position and degree of methylation; 
so far as has been determined the order of elution, 
after m-ic acid, is 3, 7, 1, 3:7, 1:7. 

Little can be added on the basis of this work to the 
deductions summarized by Myers & Hanzal (1946) 
concerning resistance to demethylation in various 
positions. The results give no reason to dispute the 
general conclusion that methyl groups in the 3- 
position are the least stable, and provide definite 
evidence that demethylation also occurs in both the 
1- and 7-positions. 

SUMULARY 

1. Substituted uric acids have been isolated from 
the urine of a human subject on a normal diet. 

2. The positions of substituent groups have been 
determined by comparison with Imown synthetic 
methyluric acids, using spectroscopic and other 
methods. Results indicate that these isolated com- 
poxmds are also methyluric acids substituted in the 
7-, 1-, and l:7-positions. 

3. These compounds have been shown to be 
metabolic products of exogenous methylxanthines, 
i.e. caffeine, theobromine or theophylline. 

4. Demethylation during metabolism of these 
compoimds can occur in the 3-, 1- and 7-positions, 
but no definite order of stability has been demon- 
strated. 

The author wishes to express his appreciation to Dr E. R. 
Holiday and Dr G. H. Beaven for their interest and 
encouragement during this work. 
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Previous studies of the bile salts of frogs and toads 
have been carried out on two species only, and 
entirely by Japanese workers. Okamura (1928, 
1929) isolated ‘bufocliolane’, m.p. 236°, and an acid 
described as ‘bufodeoxycholic acid’ from the winter 
bile of the toad, Bufo vidgaris (Jap.). Taurine was 
also separated from the bile. JIakino (1933) ob- 
tained from the bile of the same species an alcohol, 
m.p. 230°, described as tetrahydroxybufostane, 
O27H48O4, which showed positive Pettenkofer and 
Hanamarsten tests. Trihydroxybufosterocholenic 
acid, CjjHieOs, was described by Shimizu & Oda 
(1934) as occurring in the toad bile and this was con- 
verted by Shinoizu & Kazuno (1936 b) to bisnorcholio 
acid; it was thus shown to belong to the cholane 
series and to have in its molecule three hydroxyl 
groups in the same position as those in cholic acid. 
Trihydroxyisosterocholenic acid, CjgH^jOj, was 
described by Shimizu & Kazuno (1936a) and this 
was also converted by Shimizu & Kaztmo (1937) to 
bisnorcholic acid. Kazimo (1940) published an 
account of a careful and detailed study of that part 
of the (acidified) bUe of the Japanese toad from which 
the above-mentioned acids, apparently occurring in 
the rmconjugated form, had been removed by ether 
extraction. The chief constituent was a sulphate, 
m.p. 197°, which by alkaline hydrolysis yielded 
pentahydroxybufostane, CggHjoOg, m.p. 172°. About 
10 g. of this substance were isolated from 4000 gall- 
bladders (5 1. of bile), in one, and 20 g. from 8500 
toads (10 1. of bile) in a second experiment, Penta- 
hydroxybufostane was extensively investigated 
. and its triacetate, m.p. 119°, converted in a yield of 
about 10 % to cholic acid, which was identified as the 
acid itself and as its ethyl ester. However, as in the 
case of the acids, conclusive proof of the Cgg formula 
was not given, and it rests only on analytical figures. 
A neutral compound apparently identical with the 
alcohols of Okamura (1928) and Makino (1933) was 
also isolated after alkaline hydrolysis of bile fractions 
and was renamed tetrahydroxynorbufostane, on 
the assumption that its molecule contained 27 
carbon atoms. A third neutral substance, m.p. 175°, 
was stated to occur in the imconjugated state in 
the bile; it was called tetrahydroxycholane, and 
assigned a Coj formula. Like pentahydroxybufo- 


stnno, it gave posit ive Pettenkofer and Hammarsten 
reactions, indicating OH (groups probably at C,3,, 

and C„5, in the steroid nucleus. 

Bile of the frog Ratio catesbiana was examined by 
Kurauti & Kazuno (1939), who isolated cholesterol, 
an acid (named trihydroxybisnorstcrocholanic acid) 
giving a negative rc.sponso in the Hammarsten re- 
action and also the sulphate, m.p. 178°, of a so-called 
tctrahydric alcohol. By alkaline hydrolysis of this 
latter substance there was obtained an vmsaturated 
alcohol of m.p. 177°, which was quite arbitrarily 
given a C,, formula and named trihydroxycholcnc. 
The acetate (? diacetatc) had m.p. 180°. Hlabuti 
(1941) investigated the trihydroxybisnorstcro- 
cholanic acid of Kurauti & Kazuno and concluded 
that it also had OH groups at and 0,12, ^ 

cholic acid. 

The above work showed that further examination 
of amphibian bile was likely to yield results of much 
interest and the present report is of a preliminary 
investigation of the bile salts of R. temporaria. 


RESULTS 

An interpretation of the experimental findings is 
given in Fig. 1. The chief constituent of the bile was 
a sulphate ester, readily obtained as the sodium salt 
(I) as previously described (Haslewood & Wootton, 
1950). If the (probably) pentahydric alcohol with 
which the sulphate is esterified is called ‘ranol ’ and 
the isolated bile salt ‘sodium ranol sulphate’, the 
chief product of acid hydrolysis, as carried out, 
appeared to be ranol (11) itself, not obtained crystal- 
line, but easily converted by mild acetylation in fair 
yield into a tetraacetate (IV), which could bo 
oxidized to a monoketone (V). Alkaline hydrolysis 
of ranol sulphate, on the other hand, led to a 
mixture from which it was not, except in one ex- 
periment, possible to isolate the above tetraacetate. 
However, there was obtained after partial acetyla- 
tion a mixture of crystalline acetates, the analysis of 
one of which (VI) suggested that the main product 
of alkaline hydrolysis, as usually carried out, was a 
substance derived from ranol sulphate by the 
ehmmation of an OH group, together with the 


(I) Sodium ranol sulphate, m.p. 183-184 

C27-28H,3^5(OH),.O.S05-Na+ H^O 
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whose molecule contains 27 or 28 carbon atoms.) 
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sulphate. Since the acetate {Yl) appeared to bo 
satiated, the chief product (not c^stalhzed) 
formed by the above reaction most probably con- 
tained an oxide ring and is referred to tent atively ns 
‘anliydroranol’ (III), e.g. 


OSOJ OH 

=lj__i= +0H 

Band sulphate (I) 


0 

+SO4 +HjO 

Anhydroranol (11) 


The product of alkaline hydrolysis could also bo 
converted by oxidation into a mixture from ■which 
■was readily isolated a neutral substance (I^), ■whose 
probable formula can be explained on the assump- 
tion that a — CHjOH group in anhydroranol (III) 
■was oxidized to — CHO and two =CHOH groups to 
=C;0, the oxide ring remaining vmaffected. 

A crystalline acid, purified as the methyl and 
ethyl esters (VII and VTII) 'was obtained by chromic 
oxidation of a hydrolysed mixture from which the 
only crystalline material isolated by acetylation 
was the tetraacetate (IV). It is tempting to assume 
that this acid arose by oxidation of a — CHjOH 
group in ranol to — COOH and the conversion of 
four =CHOII groups to =C:0, an interpretation 
which is supported by the analytical figures and 
which is shown in Fig. 1. However, the acid was 
obtained in very small yield and its preparation 
often failed, so that some doubt is felt as to its really 
arising in the manner suggested. The above esters 
were compared with, and found to be different from, 
the appropriate esters derived from dehydronor- 


cxtraotion of the residue with cold olhnnol: Iho cUmnol- 
insoliiblo material weighed 0-23 g. and had in.p. 18- (gas). 

Acid hudrohjsis of ranol snlphalc.. Sod\nm ranol sidpliato 
(0-6 g.) was dissolved in 0-25N-HC1 (20 ml.) and the solution 
in n flask was heated, with occasional shaking, in a gently 
boiling-water bath. After 1-2 hr. a gel formed and the 
amount of this slowly increased. After about 20 hr. heat ing 
the gel was colleotcd on a filler, squeezed as far ns possible 
free from aqueous acid, washed with water and dried tn 
vacuo over H.SO4. Yield, 0-35 g. (approx. 89%, calculated 
on the proposed formulae) of a brown solid, giving a blue 
colour in the H-test. This is regarded as mainly crude ranol 
(II) ; it could not bo crystallized. 

Hanoi iclraacclatc (IV). The above material (0-1 g.) was 
dissolved in dry pjTidino (1 ml.) with acetic anhydride 
(1 ml.) and the mixture left at about 20° for 19 hr. with 
occasional shaking. Dilution with aqueous HCl precipitated 
a brown gum which was collected after about 4 dnj’s and dis- 
solved in ethanol. The filtered solution was evaporated and 
the residue crystallized from an approx. 30% (v/v) mi.xture 
of othcr/l.p. The crude acetate (80 mg.) -was then rccrystnl- 
lizcd from l.p./bcnzcno from which it gave white needles 
(47 mg.) of m.p. 140-148°. Crystallization from dilute 
methanol and elution from AljOj with benzene, followed by 
further rcciystallizations from l.p./benzcno finally gave 
white needles of ranol Iclraacclatc (IV) which had m.p. 
155-150°. [a]^'=-12±4° in CHClj (c, 1-0). (Found: 
C, 08-0, 07-8; H, 94, 0-4. Cjs-jjHto.tsOo requires C, 07-7- 
08-1; H, 9-0-9-2%.) 

A sample of this acetate (15 mg.) was made from the 
product (24 mg.) of the acid hydrolysis of the purified bile 
salt (60 mg.) described by Haslewood &• Wootton (1950). 

Monoketone (F). The above acetate (47 mg.) in acotio acid 
(0-6ml.) was treated 'with 20% CrOj (0-05 ml.), together 
■with water(l drop), todissolvethopreoipitate. AfterlO min. 


the appropriate esters derived from dehydronor- the solution was diluted and the product which separated on 
and dehydrobisnor-cholic acid, prepared from cholic standing collected, ■washed with water and dissolved in 
acid as described by Shimizu & Kazuno (19366). ethanol. Evaporation of the ethanol left a residue which 

crvstallized from l.-o. and the l.'D./benzeno in white needles. 


EXPERIMENTAL 

General. All melting points are imcorreoted. Optical 
rotations were determined in a 1 dm. microtube; micro- 
analyses were done by WeUer and Strauss, Oxford, and by 
Mr A. T. Macdonald, Edinburgh. AI2O3 was supplied by 
Hopkins and Williams Ltd.; l.p. =light petroleum, b.p. 
40-60°. 20 % CrOj was as described by Haslewood & 
Wootton (1951). H-test =Hammarsten’s HCl test (Hasle- 
wood, 1943). 

Substances derived from the bile 
of Rana temporaria 

Sodium ranol sulphate (simplified preparation). A sample, 
m.p. 183—184°, was prepared and analysed by Haslewood & 
Wootton (1950). A simpler preparation was as follows: 
392 gall bladders, preserved in ethanol, were ground in a 
mortar and thoroughly extracted with fresh ethanol. The 
filtered extract was evaporated and the residue extracted 
several times with ethanol in an evaporating dish at room 
temperature. The ethanol-insoluble residue was collected, 
washed with ethanol and dried in vacuo over H2SO4 . It was 
a hght-brown microorystalline powder of m.p. 185° (gas) 
and weighed 1-23 g. Afurthercrop was obtained by evapor- 
ation of the ethanol extracts and washings, followed by re- 


This ketone (V) had m.p. 130-132°. (Found: C, G7-8; H, 
8*2. C35_35H3,_3209 requiTcs C, 08*0— 68-4; H, 8*7— 8*9%. ) 

=-t-27±2° in CHCI3 (c, 0'6).) The sctnicarhazone, 
prepared in the usual way, was a partially crystalline powder 
of m.p. 171-175°. (Found: N, 6-1. C35_3,H57_5j09N3 requires 
N,6-2-6-l%.) 


Jhsters (rxi) and (VIII). the only samples of the acid 
givingthese esters were preparedfrom a product made by al- 
kaline hydrolysis of the bile salts under conditions not very 
accurately defined, but which included heating crude bile 

salts (c, 5 g.) for about 21 hr. in NaOH solution (30 g./l.). The 
neutral product which separated was collected, washed and 
dried; it gave on partial acetylation the acetate (IV) as the 
sole crystalline material isolated. A similar alkali-hydro- 
lysed product could not be prepared again, under more 
carefully defined conditions of hydrolysis, for all other 
neutral substances obtained from the bile salts by alkali 
treatment gave derivatives apparently of the anhydroranol 
(see below). Several oxidations of the above produet were 
carried out; the following experiment was one of those which 
led to crystalline material: the above-mentioned alkali- 
hydrolysed product (0-2 g. ) in acetic acid (2 ml. ) ■was treated 
with coolmg to about 20°, with 20% CrO, (2 ml.) added 
gradually with shaking. After 2 hr. the solution was diluted 

i (excess). The gummy precipitate was 

coUeoted after about 16 hr.; it was washed with water and 
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then hoiled -nith N-NaOH. The cooled mixture was filtered 
from gummy neutral material and the filtrate acidified with 
H2SO4 . After the addition of NaCl (excess) the precipitated 
acid was collected, washed with water and dried in vacuo 
over H0SO4. Yield: 80 mg. of acidic material which, from 
dilute ethanol, gave needles (25 mg.) of m.p. approx. 
211-218° (decomp.). These were gently boiled for 1 hr. 
under reflux with 2-5 ml. of a mixture of ethanol (5 ml.) and 
H2SO4 (0-5 ml.). The cooled solution was diluted with 
NajCOg solution (excess) and the insoluble material collected, 
washed and crystallized from dilute ethanol, from which the 
ethyl ester (VIII) formed leaflets (10 mg.) of m.p. 157-159°. 
(Found: C,71'6, H, 8-7. C29_3oH42_440e requires C, 71-6-72-0; 
H, 8-6-S-8%.) 

Another sample (25 mg.) of the above crude acid was 
esterified with diazomethane. The product, in ether, was 
washed with dilute NHj solution and water, and the solvent 
was removed. The residue, in benzene, was eluted from an 
AI2O3 column with benzene and crystallized from l.p./ 
benzene, from which the methyl ester (VII) gave short 
white needles of m.p. 184-185°. (Found: C, 71-5; H, 8-1. 
028-29^40-4206 requires C, 71-2-71-6; H, 8-5-8-6%.) 

Alkaline hydrolysis of ranol sulphate (leading to anhydro- 
ranol derivatives). Except in the case given above, it did not 
prove possible to prepare the same derivatives from the 
alkali-hydrolysed bile salts as could be made from the 
material derived by acid. An effective method of alkaline 
hydrolysis was as follows : a solution of the bile salts (0-2 g., 
purified and of m.p. 183-184°) in water (4 ml.) with 
5N-NaOH (1 ml.) was sealed in a metal bomb and heated at 
about 110° for 8 hr. The bomb was cooled and its contents 
washed out with water. The precipitated solid was collected, 
washed with water and dried in vacuo over H2SO4 . Yield; 
0-14 g. (approx. 92 %, calculated on the suggested formulae) 
of a light brown powder, giving a feeble response in the 
H-test. By addition of BaCl2 to the acidified liquors, it was 
found that the sulphate content (as S) of the bile salts was 
about 5-9%. 

The acetate (F/). The above product (0-13 g.) in pyridine 
(1 ml.) was treated with acetic anhydride (1 ml.) and the 
mixture was warmed to about 50° and then left at about 22° 
for 16 hr. The solution was diluted with water and 5 n-HCI 
and extracted with ether. The ether was washed with water, 
NHg solution, water, dried (Na2S04) and evaporated. The 
residue readily crystallized from l.p./ether, giving crystals 
(70 mg.) of m.p. 175-204°. This material was recrystallized 
from dilute ethanol after which the product (40 mg.) had 
m.p. 202-216°; this mixture was then eluted from a column 
containing AI2O3 (0-5 g.) with benzene (40 ml.). After three 
recrystallizations of the eluted material (30 mg.) from dilute 
ethanol, the acetate (VI) formed glistening white leaflets 
of m.p. 217-219°. (Found: C, 72-9, 73-3; H, 9-6, 9-7. 
C29-30H4S-S0O5 requires C, 73-1-73-5; H, 10-l-10-2%.) 

Alkaline hydrolysis of this acetate in the usual way gave 
a gelatinous solid which, after drymg, responded feebly, if 
at all, to the H-test. On the other hand, the acetate (IV) 
(see above) gave on hydrolysis a gel, which, after drying, 
gave a definite purplish colour in this test. 

The neutral compound (IX). The above-described material 
(O'l g.), made by bomb hydrolysis with alkali, was dissolved 
in acetic acid (1 ml.) and treated at 19° with 20% CrOj 
(1 ml.) added gradually with mixing. After 1'2 hr. at 20 , 
the solution was diluted and saturated with HaCl. The 
precipitated solid was collected, washed with water and 
stirred with warm O-lx-NaOH. The insoluble material was 
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filtered off. (The filtrate gave an amorphous acidic mixture 
(19 mg.) on acidification.) The alkali-insoluble precipitate 
was dissolved in ethanol and the filtered solution evapor- 
ated. The residue (23 mg.) was a partially crystalline solid of 
m.p. 173-179°. This was eluted from AI2O3 (0-4 g.) with 
benzene (15 ml.) and recrystallized from ether, from which 
it formed white needles. Thus prepared, the neutral compound 
(IX) hadm.p. 189-190-5°, (Found: C, 76-4, 76-6; H, 9-2, 9-1. 
Ci 2-25H46_4,04 requires C, 75-7-76-0-, H, 9-4r-9-5%.) 

Derivatives of nor- and hisnor-cholic acid 

Nor- and bisnor-cholic acids were prepared as described 
by Shimizu & Kazuno (19366). Prepared in the usual way, 
ethyl dehydronorcholate crystallized from dilute ethanol as 
long white needles of m.p. 234-235° (decomp.). (Found: 
C, 71-4, 71-4; H, 9-0, 8-8. C25H36O5 requires C, 72-1; H, 
8-7%.) 

Bisnorcholic acid was esterified -with diazomethane and 
the product oxidized with GrOa in the usual way. The crude 
dehydro ester was purified by elution from AljOj with 
benzene and crystallized from l.p./benzene, from which 
methyl dehydrobisnorcholate formed long white needles of 
m.p. 191—193°, depressed by the methyl ester (VII). (Found: 
C, 70-9; H, 8-4. C23H32O5 requires C, 71-1; H, 8-3 %.) 


DISCIUSSION 

Biological. The reported work agrees with that of 
the Japanese on R. catesbiana and on the Japanese 
toad, in that the main bile salt of R. temporaria also 
appears to be a neutral alcoholic substance or sub- 
stances conjugated with sulphate. The amount of 
bile used in this research was insufficient for the 
identification of the minor quantities of acids which 
were also present. 

The ‘sodium ranol sulphate’ now investigated 
appears to resemble closely, if not to be identical 
with, the sulphate, m.p. 178°, isolated by Kurauti & 
Kazuno (1939) from R. catesbiana, but a careful 
scrutiny of Kazimo’s (1940) report on pentahydroxy- 
bufostane and other neutral substances from toad 
bile has failed to suggest the identity of these or any 
of their derivatives with material from R. tem- 
poraria. The conclusion is that at least two species of 
Rana probably contain the same bile salt, but that 
this is different from similar compounds in the bile 
of one species of Bufo. 

Okasaki (1944) has reported that the chief bile 
salt of the aquatic salamander Diemyctylus phyr- 
rhogaster is likewise the sulphate ester of a neutral 
steroid alcohol. 

The presence of such neutral substances in bile 
of amphibia would suggest, on the hypotheses put 
forward by Haslewood & IVootton (1950), that these 
creatures are evolutionarily of a primitive tjT® 
that they agree with at least some of the elasmo- 
branch fishes and with the carp Gyrinus carpio 
(Haslewood, 1951) in this respect. It would be an- 
wise at present to suggest that any closer biological 
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is indicated by the sbnilarities so far formation of tbo oxido ring in anhydroranol. Tho 

revealed in tbe cbeinical nature of the noutrai bile monoketone (V) appears to bo derived from 

revealed m tne cnemicai na containing a free hydroxyl group at C,,,, 

"^GhemicaL The scheme put forward in Fig. 1 to (compare pythocholic lactone, Haslcwood & 
explain the relationships between the crystalline Wootton, 1961). 

substances isolated must be regarded as tentative. The analytical figures do not enable one to choose 
An alternative explanation, that 'sodium ranol between formulae for a Cj, or Cj,, ^ 

sulphate’ is a mixture, components of which give and its derivatives. If ranol is m fact a C., steroid, it 
rise to the ranol and anhydroranol derivatives, can would bo difficult to explain its derivation from 
hardly be upheld since the acetates and n were cholesterol, an origin frequently suggested or 
isolated exclusively after acid and aUraline hydro- scymnol and tho C., bile acids. , , , 

lysis, respectively, from the same purified sample of One of the chief objects of this work has been the 

the sodium salt. Moreover, although it is difficult development of methods which can bo applied to 
to be certain on this point, purified sodium ranol other species and might then bo expected to lend to 
sulphate behaved as a single reproducible com- the isolation of identifiable crystalline substances, 
pound in melting point and general properties; its Such a substance, wdiich might bo of value in future 
analysis agreed fairly well with the postulated work, is tho so-called ranol tetraacetate (H^). 
formulae. However, the case for the scheme in 


Fig. 1 would be greatly strengthened if ranol and 
anhydroranol themselves could be obtained in 
crystalline form. No trace was detected of the 
crystalline unsaturated ‘trUiydroxycholene’ of 
Kurauti & Kazuno (1939), which was presumably 
derived from their sulphate by elimination of the 
sulphoxy group , together with an adj acent hydrogen 
atom, during alkaline hydrolysis. 

The amount of significance which should be 
attached to the feeble or negative response to the 
Hammarsten test given by anhydroranol is doubtful, 
for it was found that the carbinols derived by 
reaction of the Grignard reagent with methyl 
cholate and methyl norcholate also responded 
feebly to this test. Clearly, response to a Hammar- 
sten test can be greatly modified by the side chain of 
the steroid, and although a positive reaction is very 
probably, in a natural steroid, indicative of hydroxyl 
groups at C( 3 ,, Cj,) and 0 , 35 ,, a failure to give a blue 
or purple colour cannot necessarily be taken as 
indicating the absence of such groups (see also, for 
example, Shimizu & Kazuno, 1936a, b). The colour 
given by ranol certainly suggests that this substance 
has three of its hydroxyl groups in the above- 
mentioned positions. One of the remaining two OH 
groups in ranol is, possibly, primary, and both were 
readily acetylated. If the structure suggested (see 
Results) for compound IX is correct, one at least of 
the nuclear OH groups must be involved in the 


SUMMARY 

1. The chief bile salt found in the frog Eaua 
temporaria was a sulphate, now temporarily named 
‘sodium ranol sulphate’, of a pentahydric alcoliol, 
‘ranol’, probably C.;- 

Derivatives of this alcohol could bo isolated after 
acid hydrolysis of tho Bulphato, After alkaline 
hydrolysis, however, tho only crj’-stallino compounds 
isolated appeared, except in one experiment, to be 
derived from an ‘anliydroranol’, a saturated sub- 
stance whose molecular formula is less by HjO than 
that of ranol. It is suggested that the molecule of 
anhydroranol, lilce that of scymnol, contains an 
oxide ring. 

2. A relationship between the seven crystalline 
substances now obtained in purified form from 
frog’s bile is tentatively suggested. It is thought 
that some of these substances may be of value in 
future investigations of bile from other species. 

3. Ranol may be a steroid whose molecule 
contains a primary hydroxyl group, with secondary 
hydroxyl groups at C,,,, C„, and The remaining 
OH group was readily acetylated. 

4. The possible evolutionary significance of 
similar sulphate esters in the bile of vertebrates is 
briefly discussed. 

. The author thanks Mr D. H. Gadd for his kindness in 
collecting the frog’s bile used in this work. 
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Studies on the Analysis of Vitamins D 

6. A NOTE ON THE PREPARATION OF FLORPDIN EARTH 
FOR WTAMIN D CHROMATOGRAPHY 

By J. green 

Walton Oaks Experimental Station, Vitamins Ltd., Tadworth, Surrey 
(Received 10 October 1951) 


Further work on the use of floridin earth for the 
chromatographic analysis of materials containing 
vitamin D, as described in earlier papers (Green, 
1951 a-c), has shown that the preparation of the 
earth before use is of a more critical natme than had 
originally been thought. The adsorbent used in these 
earher papers was ‘prepared for Emmerie’s test’ 
supplied by British Drug Houses Ltd. The prepara- 
tion process consists essentially of an activation 
with boiling hydrochloric acid imder controlled con- 
ditions; activation appears to take place first by the 
removal of carbonates and other soluble materials 
and, secondly, by the breakdown of the surface 
structure of the earth. Trials on recently received 
samples of earth show that this preliminary pre- 
paration can ‘over-activate’ the earth by carrying 
the breakdown process too far. If this extensive 
structural breakdown (the process is an irreversible 
one) should occur, the earth is then unsuitable for 
chromatography, destroying 20-40 % of the vitamin 
D during the adsorption procedure. The earth is, of 
course, still quite suitable for vitamin E cluomato- 
graphy. 


YTiilst it is hoped that suitably prepared samples 
of floridin may be available in the future, a satis- 
factory laboratory method of preparation has been 
found to be as follows : 100 g. of the crude untreated 
earth (obtainable from British Drug Houses Ltd.) is 
made into a slurry with 260 g. of concentrated 
hydrochloric acid and 40 g. of water. The mixture 
is boiled for 30 min, under reflux. After cooling, the 
floridin is washed with water, first by decantation 
and then on a filter at the pump, until free from acid. 
The floridin is then dried at 37-40° in thin layers, 
turning the layers frequently. YTien dry, the earth 
is passed through a 160-mesh sieve; the retained 
portion is suitable for use and remains so in- 
definitely. 

Although the length of time for the activation as 
stated above appears to be satisfactory, it is possible 
that this may have to be varied slightly from batch 
to batch of untreated earth. It is therefore recom- 
mended that the prepared sample be tested for 
quantitative adsorption and elution. 
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Polarization of the Fluorescence of Macromolecules 

1 . THEORY AND EXPERUffiNTAL JIETHOD 


By G. WEBER* 

Biochemical Laboratory, University oj Cambridge 


(Received 2 Angiist 1951) 


According to the theorj'- developed by Perrin ( 1926), 
the partial polarization of the fluorescent light 
emitted by molecules in solution depends upon the 
relation of their rotational relaxation time to the 
lifetime of the excited state of the fluorescence. 

The measurements of Gaviola (1927), SzjTnanow- 
ski (1935) andDushinsky (1936) show that the life- 
time of the excited state of the fluorescence is a 
quantity of the order of 10~®sec. for many dyes in 
water solution. As the relaxation time of the rota- 
tion of these molecules in water is much shorter than 
10”® sec., almost completely depolarized radiation is 
to be expected and is in fact observed. On the other 
hand, fluorescent macromolecules, e.g. proteins, 
should already emit partially polarized fluorescence 
in water solution as their relaxation times are of the 
required order of magnitude.' Measurements of the 
degree of polarization of the fluorescence should in 
consequence afford a convenient means of deter- 
tnining the relaxation times of macromolecules in 
dilute solution under a variety of circumstances. 

In this paper are described the general principles 
which attend the application of this method to the 
study of macromolecules. The following paper of 
this series (Weber, 1952) describes experiments done 
with proteins rendered fluorescent by the conjuga- 
tion with a small fluorescent molecule, 

THEORY 


of their relaxation times by the dielectric dispersion 
method (Oncley, 1942) indicate that the equation of 
Einstein cannot seriously bo at fault. However, the 
fact that the real shape of the particles is not Inrown 
and that the measurements have been carried out 
over a limited range of temperatures and viscosities 
docs not allow a decision as to how closely the theory 
is followed. 

Let us consider a system of co-ordinates O(xyz). 
The fluorescent solution is placed at 0 in a square 
ceU with faces oriented noiTnnlly to the co-ordinate 
axes. Tlie exciting light travels in tlie xO direction, 
and unless othenHso stated we shall assume it to be 
completely polarized with its electric vector in the 
Oz direction. The fluorescent light emitted in the Oy 
direction, i.e. at right angles both to the direction of 
propagation of the exciting light and to the direction 
of the electric vector is observed. Its partial polari- 
zation p is defined by the equation 


where 7, is the component of the intensity omitted 
in the direction Oy with its direction of vibration 
parallel to that of the exciting light, while is the 
component normal to the former, i.e. in the Ox 
direction. 

According to Perrin (1926) the value of p for a 
spherical molecule is given by 


Perrin (1926, 1936) has developed the theory of the 
polarization of the fluorescence of solutions on the 
assumption that the emitting molecules carry 
rigidly bound linear oscillators of absorption and 
emission and that the molecular rotations are 
described by Einstein’s (1906) equation. The first 
assumption can be considered experimentally 
proved (Feofilov, 1943). Although the classical 
experiments of J. Perrin (1909) have shown that the 
rotation of large, visible particles follows the Ein- 
stein equation, some doubt may be entertained as 
to its validity in the ease of dissolved molecules 
which do not greatly differ in size from the molecules 
of the solvent. The protein molecules fall midway 
between these two extremes, and the measurements 
* Beit Memorial Fellow. 
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(2) 


where R is the gas constant, T the absolute temper- 
ature, t] the viscosity of the solvent, F the molecular 
volume of the fluorescent molecule and tq the life- 
time of the excited state of the fluorescence; pg is 
clearly the value of p when i.e. -when no 

depolarization by molecular rotation takes place. 
In .practice it differs little from the polarization 
observed in a medium of high viscosity like glycerol. 
According to the above equation, if 1/p is plotted 
against Tfy a straight line is obtained cutting the 
\Jp axis at \jpg. ExperimentaUy, for fluorescent 
dyes with F~500 in glycerol-water mixtures it is 
found that the relation just mentioned obtains 
down to viscosities of 10-15 centipoises, but for 
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viscosities below these values the polarization, is 
lower than predicted (Perrin, 1926; Wawilow, 1936). 
Several explanations have been advanced, notably 
that Einstein’s law is not valid in these conditions 
(Perrin, 1936). Whatever the explanation, if a 
change in molecular volume has the same effect as a 
corresponding change in viscosity, Perrin’s law 
should hold accurately for molecules of F> 10^ in 
media of viscosity of 1 centipoise. 
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Defining fi = ^ as the contribution of the ith 

i 

oscillator species to the total fluorescent intensity, 
the last equation becomes 

fi 




Pi 


Simultaneous excitation oj several oscillators 


If several oscillators corresponding to one or more 
molecular species in solution are simultaneously 
excited, the observed polarization p is related to the 
individual polarizations Pf that would obtain if each 
type of oscillator were the only one excited, in the 
following manner: 

Setting 


Moreover 


Therefore 


+ E, * 

= and 

i i 


V 


r r SEiPi 

rsdiZ—:!: — J 

+ EE, • 


( 3 ) 


Addition law of the polarizations 
of several oscillators 

The total intensity of tlie radiation emitted by a 
point of the fluorescent source can be represented by 
three orthogonal components. Choosing for the 
directions of the components the co-ordinate axes, 
we have in the case of non -polarized radiation, 

1^=1 y—i, 

the total intensity being proportional to 3i, If the 
fluorescence excited by polarized light as described, 
becomes now partially polarized to the extent p, , 
while the total emitted intensity remains constant, 
Cruie’s law of symmetry (Perrin, 1929) shows that 
the total radiation is then proportional to 

J, -t- 2Jj^ = 3i. 

This requires 

I,^i + S, G) 

I^ = i-iA. (5) 

From the last equations, 4 and 5, together with 1, 
we have for the ith oscillator species in solution: 


A, 2ii 



On the other hand, from Eqn. 3, 


1 


1 


EE, 


p 3 EE,p, 

i 


1 

3 



Introducing in the latter the value of E,p,- just 
derived. 


1 1 
^“3 


1 



Pi 3 


( 6 ) 


Thus 1/p — ^ is the harmonic mean of the quantities 
1 /p, — -J weighed according to the contribution to the 
total fluorescent intensity of the solution. 

Eqns. 4 and 6 refer to excitation with polarized 
light. In this case the electric vector of the exciting 
light is an axis of symmetry and 3i = I, -I- 21 . If the 
fluorescence is excited with natural light the direc- 
tion of propagation is now an axis of symmetry 
(Perrin, 1929) and the total radiation ofthe source is 
proportional to 3i = 21, -F . Eqns. 4 and 5 become 
now respectively, 

b > IiX~^i 


and consequently 


1 1 
Pn 3 


1 


fi 


Pin 




(8) 


where the subscript n refers to the same quan- 
tities as before but on excitation with natural 
light. Perrin’s law for the excitation with natural 
light reads 



(9) 


Therefore in the equations to follow it will only be 
necessary to write l/p„ -F J and 1/P(,„ -F i instead of 
1/p — and l/Po-J respectively, to pass from the 
case of excitation with polarized light to that of 
excitation with natural light. 
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n l/p-i is plotted against Th in tho case of a system of sovoral components tho slope, obtained by 
differentiating Eqn. 6 , is 



If the polarization of the fluorescence given by tho j'th oscillator species when alone in solution is 
described by Perrin’s equation, 



introducing the values of the partial differentials into Eqn. 10 and performing tho additions, 

v_JL_ 

i \Po< 3/ pf 


d /I 1 


d(T/v) \i 


P 3/ 


Similarly, 'we may calculate 
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Replacmg by its value given in Eqn. 11 and performing the multiplication of the 


(12) 


senes. 
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d[Tlr,r- 
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( 3ri/p, 3Tjlpj \ 
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Therefore the first derivative is always positive 
and the second either zero or negative and the 
plotting of 1/p against Tj-q is either a straight line or 
a curve concave towards the Tj-q axis. Eqn. 1 1 shows 
also that if the oscillators differ only in the value of 
the limiting polarization, pj,-, no curvature is to be 
observed. It is in fact easy to deduce that in such 
case the observed polarization is given by the 
equation 

^ G26) 
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1 

P 



change in the observ^ed polarization may in certain 
cases be due to a change in the absorption spectrum 
of the fluorescent solution leading to a different 
value of Po , and not to a change in the lifetime of the 
excited state or the rotational relaxation time. 

Molecules of different size earrying 
the same fluorescent oscillator 

There is in tins case only one lifetime of the excited 
state and one limiting polarization, i.e. po, =Po and 
Tf = To. Eqn. 6 can be written in the form . 


1 

P 


fi 


It is found experimentally that pg varies with the 
wavelength of the exciting light. Eqn. 12b shows, 
however, that the calculated value of the relaxation 
time of the rotation will be the same whether the 
light used for the excitation is monoclu’omatic or 
not. This has been experimentally demonstrated by 
Perrin (1929). Eqn. 126 also shows that if the ex- 
citation is due to more than one wavelength a 




"(i-S) 


1 


^ 1+^ 

Pi 


Adding to both members of the last equation the 
quantity 


P 3 \jPo I i Pi 


earrangi 

s/.(l + — ”) 

i \ Pi) 


and rearranging the right-hand side 
1 


1 + 


Stq 

P< . 


(13) 


At values of Tj-q, such that all values of Zrjpi are small compared to lunty, the term between the 
square brackets is negligible. Therefore the initial slope in the plotting of 1/p against Tjq is proportional 
to the harmonic mean of the relaxation times of the particles weighted according to their contribution to 
the total emitted intensity. At values of Tjq such that the term between the square brackets becomes 
significant, the value of 1/p — J is always smaller than that corresponding to the initial slope, and the 
relative decrease is, according to Eqn. 13, 



1. 


Writing 


i={S/i)(S/,)=S/,^+2 s/,/, 


and performing the multiplication of the series, 

\P 9/ .^.1 \pi pjj _ TP 

— : :: — rr-T-, " 




1 

P 


JiJi »To- ^ j ^ 

('a^r (^)' 


(14) 


in which 


n = 


Pi 

J 

Pi 


1 . 


In the case of only two molecular species in solution the last equation reads 


/l/z 


1 

p 


'■ / l + 3ro/pA 7 1 / l + 3ro/M / J_\ 

I 3to/pi / \w— 1/ \ 3ro//Ji }\n~l} 


( 16 ) 
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From Eqn. 2 
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i+Wpi ^ Pi 
3to/pi 


s= 


(Aq+f,)~ + 2q{ 

P2 




1 1 

Pi Po 

Substituting tliis in Eqn. 15 we lia%'^6 




fiA 



The presence of experimentally significant curvature 
requires that the lowest polarizations attained 
depart from the values corresponding to the initial 
tangent by an amormt 


M 

i_i 

f 3 




where e is the standard error of the observations. If 
we assume « = 0'02 and l/pj<10, as in any case 
l/po>2, the condition for observable curvature 
becomes 

fiA 


16\n-l/ 


2 5 
+ ~ 


(^) 


>0-05, 


n is a minimum if /j =/„ = *, and therefore 7 i>|. 
Thus m a solution of two spherical molecules a 
deviation from the linear law will only be present 
under the experimental conditions described if the 
ratio of the relaxation times of the rotation is 
greater than |, and conversely if one molecular 
species carry two different oscillators in equal 
amoimts a deviation from the linear law requires a 
similar ratio for the lifetimes of the excited state. 

Effect of the presence of a fluorescent impurity 
of low molecular weight 

In the case of two spherical molecules of relaxation 
times and p, Eqn. 13 becomes 


P_ 

Po 


= 1 + 


3^0 

Pc 


UiO'+D 


(i+!i2/_j_\y 
\ Pc \fiq+fJ/ 




(17) 

The tangent to the curve nt a given value of T/y cubs 
the ordinate axis nt the value Ifp'^ defined by the 
equation 

• „ rn I ) 

Po Po P 3 T _ \ Pa / 

-1 1~ n = 


1 

Po 


Po 3 


■+-"(/.+A5))’ 


P2 


(18) 

If 1 and Sto/pj^ 1 we have the case in which a 
macromoleculo and n low' molecular weight im- 
purity coexist in solution. Eqn. 18 show's that then 
a very simple relation obtains approximately 
between the relative increase in the intercept and 
the contribution of the impurity to the total 
fluorescent emission, namely; 




£ 

.Po 


1 

Po 


Po 


( 10 ) 


Moreover, if 


3ro 

Ps' 


■fi>h 


Stq 

Ps 


(/iff+Za) 




"A’ 


(20) 


and the right-hand side of Eqn. 16 reduces to 

3t„ 


From the last, and Eqn. 19, we have 




( 21 ) 


(16) 

l/^pL^~ slope S on the plotting of 

against Tly can be obtained by differenti- 
ating Eqn. IG: 


‘ same form as 2, p^ taking the place 

of Po- Therefore the Imear law is followed over the 
range of va,lues of Tjy such that (^Tjp,)f^^l and 
the relaxation time calculated from the sl^e and 
mtercept is the true relaxation time of the rotation 
of the macromoleoule. 

Fofomaifon of the fluorescence emitted by ellipsoidal 
molecules carrying randomly oriented oscillators 
Pen-in (1936) has developed the theory of the 

th^ryloT^p'r^^Si^^^ r 
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of tlie tliree angles determined by the oscillators of 
absorption and emission of light and the axis of 
revolution of the elhpsoid. 

The general equation (Perrin, 1929), 

1 1 / 1 1 \ 2 

^ 3 U sisSPS.,’ 
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will be a function of the angle a between OR and OE 
and the two principal relaxation times of the rota- 
tion of the elhpsoid. Moreover, it wiU be necessary 
to sum over ah values of a since random orientation 
of the second molecule with respect to the first has 
been assumed. By appUcation of Eqn. 6 we then 
have 


where cos- to is the average cosine square of the angle 
swept by the emission oscillator between the times of 
absorption and emission of light, may, however, be 
applied in certain cases. If OA (Fig. 1) denotes the 



direction of the oscillator of absorption, OE the 
direction of the emission osciUator and OR the 
major axis of the ellipsoid, for the last equation to be 

valid it is necessary that cos- w be independent of 
azimuth about OE. Tliis requires all positions of the 
ehipsoid with OE in a particular direction to have 
equal weight. The weight of each position is given 
by cos- 6, where 6 is the angle between the absorption 
osciUator and the electric vector of the exciting 
light Oz. The condition that all positions of the 
molecule obtained by rotation about OE have 
equal weight can onlj* be fulfilled in two particular 
instances: 

(a) OA and OE are coincident; 

(b) OA and OE make a fixed angle A between 
them, but for a given direction of OE and OR all 
azimuths of OA about OE are equally probable. 
Clearly tliis is impossible if the axis of revolution of 
the molecule makes fixed angles with the oscillators, 
but it win represent the actual case when a small 
fluorescent molecule is attached to a much larger 
non-fluorescent one by adsorption or covalent 
bonding, p^o^dded there is no particular orientation 
of the molecules with respect to each other. If the 

larger molecule is an ellipsoid of revolution, cos- <0 


1 1_/1 1\ 2 

P 3 Uo 3j6r}^^= ’ 

- cos2£u{a)da-l 
0 

— : 1 

where cos^ co (a) = — cos^ w(a.,t) e-^fro di. (24) 
ro J 0 

Calculation of cos” w. Consider two positions of the 
ellipsoid; in the first the principal axes of the ellip- 
soid are coincident with the co -ordinate axes and the 
components of the oscillators of emission along the 
co-ordinates are cos a, cosjS and cosy respectively. 
After a rotation about the centre the components 
are cos a', cos J3' and cos y'. Therefore o), the angle 
determined by the two directions of the oscillator of 
emission, is defined by, 

cos CO = cos a cos a' -f cos /9 cos p' -f cos y cos y'. 

If cos, 7 (i=l, 2, 3; ^=1, 2, 3) denotes the angle 
between the direction of a principal axis i of the 
ellipsoid in its second position and an axis f in the 
first, 

cos- to — [cos- a coSu -p cos a cos)3 coSj^ 

-f cos a cos y COS31 -f cos a cos )3 coSjo 
-f cos- yS COS22 + cos /S cos y COS32 
-1- cos a cos y cosjj H- cos )S cos y cosjs 

-(-COS=y COS33]“. 

Taking into account that the mean value of the 
double products of the form cos,-,- cos, -j, where one or 
more indices appear only once are null by symmetrj’’ 
(Perrin, 1936), and setting 

cos-a=z, cos-yS=cos®y = I(l — z), 


we have 

^ ^ 

cos” O) = Z“ COSJi -1 — (cos^ -f cos^s) 


-f z(l — z) (cos.?i-l-cosfi-bcoSii COS22 


-f COS12 cosai + coSn COS33 - 1 - COS13 COS31 


Q 

-y ^(COS|o-t-COSo, COS 33 -FCOS 23 COS32), 

^ ~ (25) 


where the bar denotes average value. 

To obtain cos= to (a, t) a function of the time t, we 
introduce the values calculated by Perrin (1936) for 
the average cosme square and double products of 
the angles determined by the axes of the ellipsoid of 
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molecules of any elongation up to to/po = 0'13 
^vitluu 6% up to to/po = 0-6. a better and more 
interesting approximation is given by the equation 
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revolution submitted to brownian movement, 
These are 

cos|s=cos| 3 =i + ie 3(/Pi + iexp|^ ^ J t J 

coSjo = coSoi = coifs = COS 31 = J — f 


cos^=cos: 




P 3 Vpo 3/ 


1 + 


3to 

Po^p 


1 + 


3to ' 

Po^^'o 


COS22 COSii + COS12 COS21 = COS33 COSi^ + COSss COS31 


1 1 / I . 1^ 

— =-( ! j, lla — 

Tip 2 VtIi nj 


... ) ' 


3to 


( 31 ) 


COS 22 COSgg ^ ^0823 COS 32 


(26) 

Pi and pj are the relaxation times of the rotation of 
the ellipsoid about the long and short axis respec- 
tively. By introduction of these values in Eqn. 26 
and integration of Eqn. 24: 

(1-2)"- 


The last is obtained immediately from Eqn. G in the 
case of two spherical molecules present in equal 
amounts (/j=/ 2 = 4 ) and having relaxation times pi 
and P 2 . The random distribution of the directions of 
the oscillators in an ellipsoidal molecule result in 
almost complete uncoupling of the effects of both 
relaxation times, so that qualitatively and almost 
quantitatively the situation is much the same as if 
both relaxation times belonged to different mole- 
cules. 


cos” to (a) = - -h 
4 


1 (l-3z)”- 




(27) 


and finally integrating Eqn. 23 after introducing cos® to (a) 


where 


The last equation can also be written 



Sto 

^ = 1 + 



^1 Po 


Pa 

— , 

— = Tl, 

Po 

Po 


1_/1 1\AB 

( 8 \ 

3“\Po~3j C 1 

L B® 



! + (---] 

P, 0=1 + 

Vm ni) 

Po 


(28) 


Hf Po 


Po = 


.Ml 

RT 


E.=voliune of the ellipsoid. 


P 3 \po 3/ 


ns) 

\ ^iPo/ \ L ^2 Pol 


1 + 


2 \n2 Till pj 8 


which clearly shows that on plotting 1/p — ^ against 
To/po or, which is equivalent, against T/rj, the ratio 
of the initial slope to that of the sphere of the same 
volume is 


Po Vn; nj 

/i+ri+i]io\ 

\ L^i wjpo/ 


(29) 


' '5 (-+-)• 

0 2 \ni Tig/ 


(30) 


the harmomo mean of the ratios of the relaxation 
tunes of the ellipsoid to the relaxation time of the 
yhero of the same volume. If the last term of the 
denounnator of Eqn. 29 is neglected the equation 
describes within 1 o/„ the depolarization due to 


Depolarization by flat and elongated molecules 

If the molecule is a flat ellipsoid of revolution its 
two principal relaxation times never differ between 
themselves by more than 10% (Penin, 1934). 
Consequently, on plotting 1/p against Tj-q the 
departime from linearity is negligible and a flat 
ellipsoidal molecule cannot be distinguished from a 
spherical molecule. On the other hand, the two 
relaxation tunes of the rotation of an elongated 
elhpsoid may differ greatly and therefore a cLva- 
ture concave towards the Tlq axis may be obtained. 
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Fig. 2 shows the plot of (1/p — -^)/(l/Po — J) against. 
To/po calculated from Eqn. 28 for ellipsoids of 
revolution of increasing axial ratio; and have 
been calculated from the equations of Perrin (1934). 
There is a mistake in the values of in equations 96 
and 96 his in Perrin’s (1934) paper. 2p"-l must be 
changed into l — 2p^, the mistake coming from 
equation 95 where the coefficient of S in the de- 
nominator of Jig should be b^a{a- - 2b-) instead of 
b^a(2b^ — a^). From Fig. 2 it appears that the 
cmwatme is pronounced only if the accessible range 
of values of tq/po is sufficiently large. Thus if 
To/po < 0- 6 no elongation smaller than 6 is likely to be 
detected, and if to/po< 0'2 any elongation will fail 
to produce curvature. 
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times may be approximated by the use of Eqn. 16. 
In order to see the significance of/^ and/j we may 
consider the likely case where the attached molecule 
executes a very rapid rotation restricted to a few 
degrees, independent of the slow rotation of the 
macromolecule. Since Srjp^^l, the plot of 1/p 
against Tj-rj will yield a straight line extrapolating 
to 1/po > 1/po • After Eqn. 22 if 8 is the average 
amplitude of the rapid rotation of the small mole- 
cule, 

J__l_/1 1\ 2 

Po 3 sjscossp-l' 

So that Eqn. 19 yields 

/2 = fsin2 0, 



rlpo 


Fig. 2. Theoretical curves (Eqn. 28) for prolate ellipsoids of revolution. The number of each curve gives 

long axis 

the elongation = r • 

short axis 


It may be concluded that in the case of molecules 
not very as 5 mimetrical, i.e. the globular proteins, 
the simple Eqn. 1 should apply if po is substituted by 
Pj,, the harmonic mean of the principal relaxation 
times of the rotation. 

Depolarization of the fluorescence by 
intramolecular rotation 

The considerations that lead us to the use of 
Eqn. 22 allow a quahtative treatment of the case in 
which the small molecule attached to the macro - 
molecule has a certain freedom of rotation with 
respect to the latter. If the macromolecule follows 
the linear law, i.e. if its depolarization can be 
described as resulting from one relaxation time 
Pj, = Pi and the small molecule has relaxation time p 2 
about its conjugating bond or one nearby to it, the 
composition of the effects of these two relaxation 


relating/2 to the amplitude of the rapid rotation. If 
(3 to/p2)/i ^ 1 the linear law is followed, just as in the 
case of an impurity of low molecular weight, and the 
relaxation time calculated from the slope and inter- 
cept is the relaxation time of the rotation of the 
macromolecule as a whole. 

It is evident from the preceding discussion that 
the study of the polarization of the fluorescence 
alone cannot distinguish between the effects of 
intramolecular rotations and the presence of a small 
amount of an impurity of low molecular weight. In 
both cases the net effect is a decrease in the value of 
Pq, so that the relaxation time of the rotation of the 
macromolecule can be calculated without difficulty. 

In the preceding discussion we have assumed that 
the amplitude of the internal rotations does not 
change with temperature. It is conceivable, how- 
ever, that the amplitude allowed to such rotations 
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may increase due to thermal breaking of intra- 
molecular bonds, i.e. /g increases with the temper- 
ature. The last two equations then give 
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On plotting 1/p against Tl-q a curvature convex 
towards the latter axis will appear, just as in the 
case of thermal dissociation of the molecule into 
rigid units. If a maximum value of/g reached a 
straight line (sg) or a curve concave towards the Tfi} 
axis may again obtain at higher temperature. If 
a definite slope is finally reached 1/pQ can be deter- 
mined by extrapolation. If 1 jPo = 1/Po fL® curvature 
cannot be due to internal rotations and must result 
from molecular fission; Sg/Si , the ratio of the initial 
to the final slope, is then the ratio of the average 
relaxation times of the original and resulting 
particles. If I/P0+ l/pi, and if intramolecular 
rotations alone are the cause of the curvature, from 
Eqn. 21 


1 

Po 


1 

Po 


(33) 


must be satisfied within the limits of the experi- 
mental error. 

EXPERIMENTAL METHOD 

The arrangement used for the determination of the polariza- 
tion of the fluorescence is shown in Fig. 3. Light from a 
mercury arc is made parallel and then polarized by the 


stands inside a small square water bath of some 50 ml. 
capacity provided with glass windows for the exciting end 
fluorescent light, and W / respectively. Iho temperature 
of the bath is kept constant by means of a small heater and 
rheostat, or by cooling with ice ns the case requires. The 
filter for the fluorescent light Ff, the Arago compensator A 
of four glas.s plates, the Savart polariscopo S and its Nicol N 3 
are mounted on a small optical bench at right angles to that 
carrying the lenses, the Nicol and the bath. The Arago 
compensator stands on n graduated circle and n lateral 
vernier allows readings of 0-1 degree. The Savart plate is 
mounted so that it can bo tilted slightly. In this way the 
interference fringes can be seen moving over the field with a 
good improvement in sensitivity. Two small mirrors, jl/j and 
J/g, can be placed against the back and side of the glass coll 
respectively, ns described by Perrin (1929). Tlie first in- 
creases the number of excited molecules and makes the field 
more homogeneous while the second increases the light 
reaching the eye by a factor of nearly two. 

Calibration of the compensator of Arago 

A source of known polarization is required. This is pro- 
vided by the light reflected from the face of a glass prism of 
known refractive index, at different incidence angles. The 
polarization is given by the well-known Fresnel equations 
(Gaviola & Pringsheim, 1924). A check on the consistency 
of the calibration curve can easily be done by the following 
method: 

Let the electric vector of the linearly polarized exciting 
light make an angle 6 with the Oz direction instead of being 
coincident with it as we have assumed till now. The fluor- 
escent light emitted in the Oy direction has components 
le, and Jbj. related to I, and /j_, the components that obtain 
at 0=0, in the following manner: 

/0, = /, COS" sin- 0, 


H 

/|\ 


0 


0 



IZInj 

Fig. 3. Experimental arrangement for the determination of 
the polarization of the fluorescence. H, Hg discharge 
lamp; ii and Lj, lenses (/i=8 cm.;/g=12-5 cm.);rYiand 
A 2, Aicol prisms; K, cell containing the fluorescent solu- 
tion; B, water hath with glass windows; and Ff, 
complementary filters; A, Arago compensator; S, Savart 
polnnscope; jUj and JL, mirrors; TF. and windows. 


Nicol prism A suitable filter F, is placed between 
latter and the cell K containing the fluorescent solution. 1 
IS an ordmary glass cell with paraUel faces of 1 cm. depti 


1 _ J, cos- 0 (1 +sin - 0) 1 „ 2/j_ 

Vb if, -I j,)cos=0 ^ 

1 " 4 " 7 ? 

and remembering that we have 

1-p 

— =-+( --1 )tan-0. (341 

Po P \p J ^ ’ 

If a solution showing considerable polarization of the 
fluorescence, e.g. fluorescein in glycerol, is excited with light 
vibrating at a variable angle 0 to the Oz axis, and the ob- 
served values of 1/pg are plotted against tan- 0 a straight line 
is obtained, the slope and intercept of which should be in the 
relation indica^d by Eqn. 34 if no systematic error is present 
in the calibration of the compensator. 


Some sources of error in the determination of 
the polarization 


V 11 = the polariza 

Lon thffers by less than I/IOOO from that of 0 = 0 

Therefore the maccuracy in setting the plane o 
polarization of the exciting light should not result ii 
any appreciable error in the determined polariza 
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Convergence of the exciting beam. If a solution is 
illuminated with a plane polarized, parallel beam 
BO (Fig. 4), the direction of which has latitude 6 
and longitude </>, and the direction of the electric 
vector of which makes an angle 6 with Oz, an ob- 
server recehdng light from the som’ce along Oy 
would record a polarization p(0, <f>) defined by 


p{e,4>)=j 






where ? , and are the emitted intensity components 
polarized along Oz and Ox respectively. The polariza- 
tion p observed at right angles to the directions of 
propagation and vibration of the beam being as 


usual 


p = : 


From Fig. 4, 

•i, = I,cos-0-l-7j_sin“e, \ 

= I, cos- (j) sin® ^ + I^_ (cos- 6 cos= ^ + sin^ ^) . j 

The polarization p{9, observed on excitation by 
a convergent beam of homogeneous intensity, of 
maximum latitude 6 and maximmn longitude <f) is, 
by Eqn. 3, ,0 

{it-ijdddff, 

-,at\ J Oj 0 

pW = - 


■ ft re 

(h+ij 

J oJ 0 


)ded^ 


Introducing the values of i, and given by Eqn. 35 
into the last one and performing the integrations. 


Therefore convergences below 10° give rise to neg- 
ligible errors in the observed polarization. 



Size of the source, A point in the centre of the 
source emits a cone of light of solid angle 9 deter- 
mined by the aperture of the Nicol JVg and its 


{I 


p(9,<f>) = 




sin 20 sin 2^ _ sin 20 sin 2^ ^^ 
~20 2^'^ 29 2<f, j 


(Z. + /J-(7,-/J^(l- 
For conical convergence 29 = 2(f> — x, 


sin 20 sin 2^ sin 20 sin 2<f> 


29 


2<l> 


+ - 


20 2<j> 


')■ 


(36) 


sin x\ - 


p[x) 


1 

~P 


I 


The second term can be neglected since it is smaller 
than 1/1000 even for x = ^tt, and consequently. 


p{x) 


^ip{^ 


sina7\- sina; 

1 + >P • 

X J X 


Proceeding in a similar way, it is possible to show 
that in the case of an excitation with natural light 
the polarization Pn{x) is related to that observed on 
excitation by a perfectly parallel beam p„ , by the 
equation, 

fsin.r 1 /l-sin2a;\) ^ /3sina: 11 

P.{.^)=Pn[— a: 2]' 

( 37 ) 


distance to the source. If the Arago compensator is 
rotated tlirough an angle ^ it is easy to see that the 
normal to the latter makes with the divergent light 
angles varying from ^ — ^0 to ^ + It is then 
possible to see interference bands due to overcom- 
pensation at one end of the source before they have 
been fully compensated at the opposite end. It is 
possible to use this fact to obtain a sharp end point 
in the compensation by the inte^osition of a lens 
between the source and the compensator so that the 
necessary divergence is obtained. ^ TriXp 

Scattering of the exciting and fluorescent hght. It tne 
filters F, and F, for the exciting and fluorescent hght 
are truly complementary any scattered or reflectea 
exciting light will not reach the eye. The scattenng 
of the fluorescent light merits further a**®^**®”: 
Two efiects have here to be considered: the Jatera 
scattering wlrich would result in an increase m die 
observed polarization and the forward scattering 
wliich should have the opposite result. As might b 
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2. It is sho\m that a system of components whicli 
differ in molecular size or in their lifetime of the 
excited state, but 'wliich follow independently 
Perrin’s law of depolarization give in the plot of 
1/p against Tjr} a curve concave with respect to the 
latter axis. (p= polarization; T = absolute tempera- 
ture; Tj = viscosity of the solvent.) 

3. An extension of Perrin’s theory of depolariza- 
tion to the case of ellipsoidal molecules carrying 
randomly oriented oscillatore of absorption and 
emission is described. In such case the polarization 
of the fluorescence is an explicit function of the 
principal relaxation times of the rotation of the 
ellipsoid, the lifetime of the excited state and the 
limiting polarization. 

4. A qualitative treatment of the depolarization 
by intramolecular rotations is given. 

5. The experimental determination of the polari- 
zation is described and some causes of error discussed 
in detail. 
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expected, the first effect is negli^ble compared to 
the second, and it is found experimentally that the 
polarization of the fluorescence from a turbid 
solution is always lower than one of the same 
characteristics from a transparent medixun. Fortu- 
nately, the Tyndall effect shown by dilute protein 
solutions seems to have no detectable effect on the 
polarization. It is a simple matter to detect in any 
given case whether depolarization by forward 
scattering takes place. With the mirror iff, in posi- 
tion, and the exciting beam traversing the middle of 
the cell, the average path of the fluorescent light 
inside the solution is about twice the path in the 
absence of the mirror. If the polarization of the 
fluorescence is the same with and without the 
mirror any depolarization by turbidity can be 
excluded. 


SUMMARY 

1. A simple addition law for the polarizations of 
several fluorescent components in solution has been 
derived. 


The author wishes to express his thanks to Prof. F. Perrin 
and Dr H. E. Daniels for their suggestions. 
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Polarization of the Fluorescence of Macromolecules 

2. FLUORESCENT CONJUGATES OF OVALBUISIIN 
AND BOVINE SERUM ALBUMIN 
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Biochemical Laboratory, University of Cambridge 


{Received 2 August 1951) 


In the prece^ng paper (Weber, 1952) the theory of 
the polarization of the fluorescence given by macro- 
inolecules in solution carrying randomly oriented 
linear oscillators has been examined. If the relaxa- 
tion time of the rotation of proteins is to be obtained 
by tliis method, the fluorescent oscillators must be 
rigidly bound to the molecule. Proteins as such are 
wholly non-fluorescent, but the radiation emitted 
hy a stable complex of the protein with a small 
fluorescent molecule should have the same optical 
characteristics as a fluorescence of the protein 
molecules themselves. 

* Beit Memorial Fellow. 


Such a stable fluorescent complex can in theory be 
obtained in several ways: (i) by coupling of a small 
molecule tlirough a covalent bond and subsequent 
elimination of the non-coupled fluorescent mole- 
cules by the ordinary methods of protein purifica- 
tion; (u) by adsorption equilibrium of fluorescent 
molecules on the protein. It will be necessary in the 
latter case to determine the fraction bound to the 
protem by an independent method or to consider 
only the polarization values obtained under condi- 
tioi^ such that the whole of the dye is bound to the 
pr em, his last condition requires an afiSnity of 
the protem for the fluorescent molecule which is 
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laclcing in most proteins with the conspicuous 
exception of serum albumin, (iii) By use of a low 
molecular weight substance which becomes fluor- 
escent on adsorption to the protein. This method is 
free from the objections of the preceding one, and 
also from the objection that the protein is being 
chemically modified as is the case when a fluorescent 
molecule is attached by covalent bond. We shall 
show in a later paper that a family of substances 
exists which, although non-fluorescent in ordinaiy 
water solution, become strongly fluorescent when 
adsorbed. 

The present paper refers to the first possibility, 
namely observations on stable fluorescent con- 
jugates. 

It has already been shown {Weber, 1952) that the 
radiation emitted by a collection of small fluorescent 
units attached with random orientation to macro- 
molecules which are flat ellipsoids or prolate ellip- 
soids of small elongation follows a law of depolariza- 
tion analogous to that first proposed by Perrin 
(1926) for spherical molecules, namely 



Here p is the degree of polarization, of light emitted 
at right angles to the direction of the excita- 
tion, Tg the lifetime of the excited state of the 
fluorescence, and the harmonic mean of the t%vo 
principal relaxation times of the rotation of the 
ellipsoidal molecule. The negative signs correspond 
to excitation with polarized light vibrating normally 
to the directions of excitation and observation, the 
positive signs to excitation by natural light; pg is 
an empirical constant dependent often on the ex- 
citing wavelength (but not on tq) and in the case of 
macromolecules (Weber, 1952) perhaps dependent 
on the existence of intramolecular rotations having 
a relaxation time much shorter than p^ and largely 
independent of the viscosity of the solvent. This 
paper describes the preparation and properties of 
conjugates obtained by reaction of 1-dimethyl- 
aminonaphthalene-5-sulphonyl chloride with oval- 
brnnin and bovine serum albumin. Measurements of 
the p olarization of the radiation at different tempera- 
tures allow the validity of Eqn. I to be tested and 
the values of p^ in the two conjugates and in the 
same conjugate under different conditions to be 
compared. 

In order to obtain reliable results the following 
requirements must be met: 

(1) The coupling should result in a minimum of 
chemical change of the protein molecule. 

(2) As far as possible only one type of bond should 
be formed between the protein and the coupled 
molecule. The formation of comparable amounts of 
different bonds may result in the protein carrying 


1952 

oscillators mth widely different lifetimes of the 
excited state. 

(3) The conjugate must have a fluorescent effi- 
ciency comparable to that of the non-conjugated 
fluorescent substance. If the excess of the latter, 
which has failed to couple, has a much stronger 
fluorescence than the conjugate, a very exhaustive 
purification of the protein will be necessary in order 
to obtain reproducible results. 

(4) A conjugating bond more stable than those 
responsible for the macromolecular structure of the 
protein may be required. Such a bond must be 
stable over the whole range of pH at temperatures 
below 100°, if the effect of temperature up to that 
capable of inducing denattuation is to be explored. 

(5) It is desirable that the fluorescence should 
persist at high and low pH values. This results in a 
serious restriction, since in many substances the 
fluorescence disappears in acid or aUraline solution. 
If additional corrections are to be avoided in the 
comparisons of relaxation times obtained at different 
pH values, it is necessary that the quenching by 
acid or allcali should not affect the lifetime of the 
excited state of the fluorescence. Ho general rule 
can be given on this point. For example, the 
quenching of the fluorescence of riboflavin by acid is 
accompanied by decrease in the lifetime of the ex- 
cited state, though not that of eosin (Weber, 1948). 

The evidence to be presented in this paper shows 
that these conditions are met by the conjugates of 
serum and egg albumin with l-dimethylamino- 
naphthalene-5-sulphonyl chloride. The coupling 
does not induce any observable denaturation of 
ovalbumin, as judged by the solubility at the iso- 
electric point; experiments with fumarase and 
ribonuclease indicate that the enzyme activity of 
conjugates containing 1-3 mol. of naphthalene per 
mol. of protein is comparable to that of the un- 
treated protein. Altliough the formation of only one 
tjq)e of linkage cannot at present be demonstrated, 
this is rendered very likely by the large difference in 
affinity of the sulphonyl chloride for the — OH and 
=NH as compared to — groups. The stability 
of the — SOgNH — bond is well known. In no experi- 
ment was there any evidence found of the breaking 
dovm of the conjugate as shown by the appearance 
of the free naphthalenesulphonic acid. The fluor- 
escence of the conjugates was not conspicuously 
affected by changes in the pH between 1-6 and 14. 

From Eqn. 1 it is easily shown that if Pmin- 
denotes the smallest polarization that can be 
measured with standard error e the range of values 
of the ratio pkjrg that can be measured mth that 
precision is given by 

3+Po ^Ph^ 3+Po 
3e Tg Pg j 
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In the sulphonamido conjugates studied (excita- 
tion mth natural light) = 0-25; an 

e=0-02. Therefore, 

65>->2. 

To 

If To is of the order of 10"* sec. we inay_ expect 
measurable variations in the polarization for 
molecules having relaxation times of 10“’ sec. 
order of magnitude. In this range fall the harmonic 
means of the relaxation times of the rotation of 
most of the globular proteins studied by the di- 
electric dispersion method (Oncley, 1942). 

EXPERIMENTAL 

The technique and apparatus for the polarization deter- 
minations have already been described (Weber, 1952). In 
the experiments described here only excitation with natural 
light was employed. The measurements of fluorescent in- 
tensity were made with a modified Pulfrich photometer. 
For both the polarizations and intensity observations the 
exciting light (Hg arc) was filtered through a 6850 Coming 
glass filter, while the fluoteseence was observed through a 
335 Coming glass filter. The excitation was due to the Hg 
lines at 366, 404 and 436 mp. The values of Pa obtained are 
therefore eomposite values resulting from polychromatic 
excitation. For reasons indicated below , the viscosities of 
the solutions were assumed to be those of the pure solvent. 
The values of Bingham and White (water) and Bingham and 
Jackson (sucrose solutions), as given by Bingham (1922) 
were used in the calculations. The absorption spectra were 
measured with a Beckman quartz spectrophotometer. 


Materials 

Preparations A and G were three and five 


Ovalbumin, 

times reorystallized ovalbumin prepared by the author {A) 
and by Dr K. Bailey (G). Preparation B, obtained from 
Dr A. C. Chibnall, was originally prepared by Prof. R. K. 
Cannan. It had been stored at room temperature as dry 
crystals for more than 10 years. About 10% of it was in- 
soluble at pH 4-75, O'l ionic strength. Only the fraction 
soluble at the isoelectric point was used in the preparation of 
the conjugate. 

Serum albumin. Crystalline bovine serum albumin 
(Armour Laboratories Batch nos. 10,522 and 14,656) was 
used throughout. 

Polyhjsine. Tliis was prepared by Dr C. S. Hannan (in 
the Press) by a modification of the method of Katchalski, 
Grosfold & ikankel (1948). 

Sucrose was a commercial product, the reducing power of 
which was equivalent to 7 parts of glucose in 100,000 
(Benedict). The specific rotation was [a] = 66-7“ in water 
(24%w/v). 

l-Dirndhylaminonaphthalenc-b-sulphonyl chloride (P). 
l-Dimcthylaminonaphthalene-5-sulphonic acid ( 1 ) is easily 
prepared by mcthylation of the technical 1-aminonaph- 
thaleno-5-sulphonic acid (Fussganger, 1902). The yield is 
about 80 % of recrystallizcd acid. For the preparation of the 
chloride 2-5 g. of the sulphonic acid are ground in a mortar 
with 3-5 g. of PCI5 and the resulting yellowish melt poured on 
water. The insoluble chloride is exhaustively washed with 
water, filtered and dried over CaCl,. The crude dry powderis 
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extracted successively with acetone and with ji-NaiCOj. 
The alkaline extract contains usually 30-50% of uncon- 
verted acid. The acetone extract is diluted with G vol. of 
water whereupon the chloride separates as yellow or orange 
crystals. Yield: 25-40%, m.p. 09°. (Found: S, 12-0; Cl, 
13'6. CijHj, 02NSC1 requires S, 11-9; Cl, 13-4%.) 

The sulphonyl chloride is little affected by water and can 
be kept for months over CaCljWithout apparent change. It is 
soluble in acetone, pyridine, benzene and dioxan, insoluble 
in water. It reacts readily with ammonia and aliphatic 
amines, much less readily with aniline and very slow ly with 
water or ethanol. 

l-Dimethylaminonaplithalcnc-S-sulphonamide (11). 1- 

Dimethylaminonaphthalcnc-5'Sulphonyl chloride (240 mg.) 
was dissolved in 2 ml. acetone and 1 ml. of strong ammonia 
was added. The sulphonamide began to crystallize im- 
mediately. Yield: 200 mg. The sulphonamide was re- 
crystallized from ethanol in long colourless needles which 
showed no loss of weight after 24 hr. at 115°: m.p. 215° 
(decomp.). (Found; C, 57-5; H, 5-1-, N, 11-2; S, 12-7. 
CjjIIi 402 NjS requires C, 57-5; H, 5-5; N, 11-3; S, 12'8%.) 

\-Dmethylaminonaplithalme-5.[lil -phenyl) -sulphonamide 
(III). Freshly distilled aniline (0-1 ml.) and 269 mg. of 
sulphonyl chloride dissolved in 1-5 ml. of pyridine were 
heated in the water bath until no further change in colour 
was noticed (1-2 hr.). On addition of water a precipitate 
separated. This was dissolved by warming in 70% ethanol- 
water and, on cooling, the anilide crystallized in thin green 
needles. The ciy’stals showed no loss of weight after 24 hr. at 
115°, m.p. 141-142°. (Found: C, 66-3; H, 6-8; N, 8-7; S, 
9-8. CjgHjjOjNjS requires C, 66-5; H, 5-6; N, 8-6; S, 9-8 %.) 

l-Dimethylaminonaphihalene ■ 5 - (H -benzyl)- sulphonamide 
(IV). Sulphonyl chloride (220 mg.) was dissolved in 2 ml. 
acetone and 0-6 ml. benzylamine was added. A white mass 
separated immediately. The mixture was taken to dryness 
and the residue dissolved in a little ethanol. On addition of 
water the sulphonamide crystallized. The pale-green needles 
were washed with water and reorystallized from 50% 
ethanol-water. Yield 190 mg., m.p. 139°. (Found: C, 66-5; 
H, 6'6;N, 8-3; S,9-5. CjsHjoOjNjS requires C, 67-0; H, 6-9; 
N, 8-2; S, 9-4 %.) 


Preparation of the conjugates 

A weight of sulphonyl chloride equal to 1-2 % of the 
protein was dissolved in 0-5 ml. acetone and added with 
stirring to 10 ml. of protein solution in 0-lM-phosphate 
buffer. pH 7-5, or 1 % NaHCOj, kept at 0-3°. The reaction 
mixtures were left at 0—3° until the original turbid sus- 
pension cleared (5-12 hr.). The solutions were then centri- 
fuged to separate suspended chloride, and dialysed with 
stirring in the cold against 0-2 m-KC 1, or O-lSii-KaSO^ , with 
frequent changes of the latter until the outer liquid 
showed no appreciable fluorescence. (Excitation with Hg 
arc through Wood’s filter. ) This stage was reached with most 
proteins after about 2 days of dialysis. Serum albumin 
reqmres a considerably longer dialysis due to the adsorption 
ot free dye. However, the adsorbed sulphonate could be 
easdy separated by precipitation of the protein with 
ethanol The conjugate was first dialysed against 0-1 m- 
acetate buffer pH 4-7, and an equal volume of 80% ethanol 
was added slowly at 0°. The precipitate was collected and 
washed repeatedly with 50% ethanol-acetate buffer at 0° 
ratd a sample of the supernatant showed very weak 
polarized fluorescence (due to a trace of the conjugate in’ 
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solution). Finally, the precipitate was centrifuged and re- 
dissolved in cold 0-1 M-phosphate bufferpH 7-5, and dialysed 
against 0'2 m-ICC 1. One ethanol precipitation was usually 
enough to liberate all the adsorbed material though 
occasionally a second precipitation proved necessary. The 
combination of the sulphonyl chloride with the protein is a 
heterogeneous reaction, the yield of which largely depends 
upon the state of division of the sulphonyl chloride. If this is 
sufficiently fine a comparatively stable yellow suspension is 
obtained which, on reacting with the protein, becomes in the 
course of a few hours almost or completely transparent and 
much paler. If the initial suspension in 6 % acetone water 
has a chloride content greater than about 0-2 mg./ml. some 
of it separates ns crystals and the 3neld decreases. If the 
chloride content is kept below this limit and or3'stallization 
is avoided some 50-60 % of it combines with the protein as 
judged by spectrophotometric measurements. 

RESULTS 

Absorption spoctnim and Jlvorcscence oj \-dimethyl- 
aminonapIithalene-5-sulphonic acid and derivatives 

l-Dimeth3daminonaphthalene-5-sulphonic acid and 
its sulplionamido derivatives show an absorption 
band in the 300-400 mp. region. The maximum of 
this band is displaced towards the ultraviolet with 
increase in the ionic character of the — SOo — group 
as shouui in Table 1, but the molar extinction 
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The fluorescence of the sulphonic acid and the 
substituted sulphonamides is quenched by acid, the 
region of rapid decrease of the fluorescence with pH 
being from 4 to 3. According to the theory of the 
quenching by collisions of the second kind ( Wawilov, 
1929) the quenching of a fluorescence with to~ 10~® 
requires O-1 -O-OIm concentration of quencher. As 
this is about 60-100 times the hydrogen-ion con- 
centration required, it may be concluded that the 
quenching is non-collisional. This is confirmed by 
measurements of the polarization of the fluor- 
escence of acid-quenched solutions. The substances 
were dissolved in 1 : 2-dihydroxypropane, and dry 
hydrogen chloride gas was passed until a convenient 
degree of quenching was reached. The intensities 
before and after quenching (/„ and I respectively) 
and the corresponding polarizations (p, and p, 
respectively) were recorded. The ratio of the life- 
times of the excited state before and after quencliing 
To/ris (Sveslmikoff, 1936) 

vo_ l/P<-l/Po 

T I/Pc-I/Fo' 

Table 2 gives the values of I^jl, Pi , p, and rjr for 
substances I-TV. The small change in the polariza- 
tion produced by the quencliing reflects the long 


Table 1. Absorption spectra and limiting polarization 
of l-dimethylaminonaphthaleno-5-sulphonic acid 
and derivatives 

(Pmax. is the polarization observed in glycerol solution at 
3°. Po is the limiting polarization obtained by extrapolation 
from measurements in glycerol at several temperatures. 
The concentration of the solutions in glycerol was 3 x 10"’ 
g./l. The absorption spectra refer to solutions in water 
(I), 60% ethanol (II-IV) and absolute ethanol (V).) 




Absorption 




Position of 

coefficient 



Sub- 

maximum 

(cm.^/mol.) 



stance 

(mp.) 

( X 10®) 

Po 

Pmai. 

I 

312 

4-65 

0-250 

0-246 

n 

329 

4-05 

0-267 

0-255 

ni 

340 

4-40 

0-267 

0-260 

IV 

332 

4-46 

0-268 

0-255 

V 

369 

3-73 

— 

— 


coefficient of the maximum varies very little in the 
different derivatives. The integrated area under the 
above absorption band was found to be constant 
witliin 6 % in substances II-W. On tliis basis it 
must be expected that tq is essentially the same in all 
these cases (Lewis & Kasha, 1945). The absolute 
values of the lifetime of the fluorescence obtained 
from the equation given by these authors were 
1-1-1 -2 X 10~® sec., although for the reasons pointed 
out by Lewis & Kasha ( 1945) no more than an indi- 
cation of magmtude should be expected from this 
figure. 


Table 2. Quenching of the fluorescence of 1-dimethyl- 
aminonaphthalene-5-sulphonic acid and deriva- 
tives 


(The concentration 

of the solutions was 6 x 10 ’ g./l.) 


Pi 

Pq 

lo/I 

vo/r 

I 

0-043 

0-109 

33 

3-6 

II 

0-048 

0-052 

35 

1-05 

in 

0-062 

0-081 

52 

1-4 

IV 

0-053 

0-070 

60 

1-4 

lifetime of 

the non-fluorescent 

form. 

the ratio 


S/to (Weber, 1948, 1950) being 50 to 100 in the 
different cases quoted in the table. This long-lived 
non-fluorescent form may be identified with the 
comparatively stable R-]Sr+(CH3)2H, the pK of 
which is in the neighbourhood of 4. The values 
of Pj, quoted in Table 1, were obtained by ob- 
servation of the substances in glycerol at different 
temperatures. 

The protein conjugates showed an absoiption 
band in the 300-400 mp. region separated from the 
absorption band of the protein by a well-defined 
minimum. Calculation of the number of molecules 
of sulplionamido derivative per molecule of protein 
has been based on the assumption that the molar 
absorption coefficient at the maximum of the con- 
jugates is the same as in the sulphonamides 
described. An average of 4-3 x 10°cm.®/g.mol. has 
been used. 
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A. Ovalbumin conjugates 
The absorption spectrum o£ the conjugates is 
shown in Pig- 1. The maximum of the band due to 

the presence of the dimethylaminonaphthalene 
groups Ues at 344m^i. This is noticeably displaced 
towards the red compared with the bands of the 
serum albumin (maximum at 332 m/i.), and of the 

1-2 i 
1-1 4 
10 -i 

0-9 - \ 

% 

04 ■ xX 

03 - ''X 

0-2 . 

0-1 . . 

° 300 320 340 360 380 400 420 440 460 480 


expected to have any effect on the polarization. 
Tills was repeatedly confirmed by experiment. 
Solutions of ovalbumin conjugates in 0-05 M- 
phosphate buffer pH 7 showed no detectable change 
in the range of concentrations investigated, 
1-0-05 % protein. Solutions of ovalbumin (0-G-l %) 
dialysed against distilled water ultimately reached 
a pH of 4-85 and the recorded polarization was the 
same as until solutions in buffer, nor was this 
polarization changed by addition of 0-2Ji-potassium 
chloride or by dilution down to O'l %• 

of temperature. The data are shown in 
Table 3 and in Fig. 2. They allow the conclusion that 
Perrin’s law of depolarization is closely followed 
over the range of temperatures studied, namely 
3-46°. In all the conjugates studied the plotting of 
1/p against Tj-q yields straight lines with regression 

Table 3. Polarization of the fluorescence of ovalbumin 
conjugates at different temperatures 


Wavelength (m/i.) 

Fig. 1. Absorption spectra of conjugates. , Bovine 
serum albumin (protein concentration 0*65%); 
ovalbumin (conjugate B) (protein concentration 0*48%); 
, polylysine (concentration 0*5%). 



0 1 2 3 4 5 6 


T/i?xT0^ 

Fig. 2. Effect of temperature on the polarization of the 
fluorescence of ovalbumin conjugates. -0-0-, Conjugate 
B; > > , conjugate A. The broken line is the slope 
observed with bovine serum albumin conjugates. 

polylj'sine conjugate (maximum at 329 my,.). This 
causes the solutions of ovalbumin conjugates to 
appear yellow while the serum albumin conjugates 
of similar concentration are colourless. The contents 
of naphthalenic groups calculated for the three 
conjugates studied were: A — 1*7 mol. naphthalene/ 
mol. protoin; B = 2*0; 0=2-4. These resulted from 
reaction of about half the sulphonyl chloride 
present. 


Conjugate B. Solvent: 0*04M-phosphate buffer, 
pH 6-85. Protein concentration: 0*24g./100 ml. 


V 


Temp. 

D 


f 

\ 

Th 

Observed 

Calculated 

4-0 

176 

0-182 

0-180 

14-8 

243 

0-163 

0-165 

25-9 

341 

0-148 

0-147 

37-5 

451 

0-131 

0-131 

36-3 

429 

0-135 

0-134 

48-5 

571 

0-117 

0-117 

24-4 

328 

0-149 

0-161 

4-5 

180 

0-178 

0-180 


Solvent: 0*lM-NaOH. Same protein concentration 


3-0 

170 

0-181 

0-182 

12-1 

231 

0-171 

0-168 

26-6 

346 

0-146 

0-147 

Conjugate 

G. Solvent: 

0-04 M-phosphate buffer. 

pH 6- 

85. Same protein concentration 

3-5 

171 

0-182 

0-181 

14-9 

251 

0-164 

0-164 

8-7 

206 

0-175 

0-174 

35-0 

426 

0-136 

0-135 

25-4 

337 

0-150 

0-148 

42-4 

603 

0-127 

0-126 


42-0 498 0-127 0-126 

33-9 416 0-135 0-136 

5-2 184 0-181 0-179 

10-0 216 0-172 0-172 

18-3 179 0-163 0-168 

23-9 279 0-151 0-151 

31-8 395 0-139 0-139 

37-8 454 0-133 0-131 

The polarizations have been calculated from the equation 
i=4-22 +0-75x10-*-. 

The measurements are given in the order in -which thev 
were performed. ^ 


Polarization of the fluorescence Conjugate l/p„ 6x10* jSxlO® 

Bj/cct 0/ concenhohon. In theory, changes in the p 4-19d;0-06 76-7±l-8 18-2±0-6 

concentration of the emitting um’ts cannot be n 17-9±0-6 

75 ^1.3 17-7±0-4 
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coefficients -with a standard error of about 2°/. 
According to Eqn. 1 the regression coefficient °b 
contains the factor IJp + 1, so that for two coniu- 
gates having intercepts l/poi and l/p, 
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-'02 


Pi. 

Pi 


hli/Poi+i 

^2 I l/Po2 ± 3 


Therefore, if the linear law of depolarization is 
followed, the characteristic quantity for the con- 
jugate is 

B=~^ 

ypo±v 

This is given in Table 3 for the egg albumin con- 
jugates together with the propagated error 


§ 


■Jtm-s&v 


The thermal effects were perfectly reversible. No 
detectable changes in the polarization were found 
after keeping the protein for 1 lir. at 45 °. 

The use of distilled water or dilute salt solutions 
from 2 to 50° allows a range of values of T/i) between 
1‘6 and 6 x 10 ^. To reach lower values of Tj-q, it is 
necessary to increase the idscosity of the solution by 
addition of a foreign substance. It is very doubtful 
whether the microscopic viscosity, which alone 
determines the resistance to the molecular rotations, 
can be equated in all cases %vith the viscosity 
measured by flow. To test this point the effect of 
electrolytes and of sucrose on the polarization was 
tried. Using sodiiun chloride and potassium 
cliloride it was formd that the increase in polariza- 
tion produced by addition of electrolyte was much 
smaller than predicted by Eqn. 1 . Concentrations 
below Im yielded polarization values which were 
indistinguishable from those in distilled water. 
Therefore in the calculation of Tj-q of solutions in 
dilute buffer (m^O- 2) the viscosity of the pure 
solvent was used in every case. Better agreement 
with Eqn. 1 was observed when sucrose was used to 
increase the viscosity of the solvent particularly in 
the case of neutral solutions of serum albumin as 
described later in this paper. The viscosity of a 60 % 
(w/v) sucrose solution at 3-5° is of the order of 
poises (Bingham, 1922). From Eqn. 1 , if Brg/pn in 
water is 1 or less, its value in 60 % sucrose should be 
negligible compared to 1 and the polarization 
observed rmder this condition should not differ 
from pg, as determined by extrapolation, if the 
linear law is followed tlu-oughout the range of 
Native ovalbinnin conjugates dissolved in 60 % 
sucrose (w/v) yielded ^ = 0-236 ±0-004, which is 
witlxin the errors of the experiments the same as the 
extrapolated pg . Therefore there is no detectable 
curvatme and according to Eqn. I, 29,* the relaxa- 

* This refers to Eqn. 29 of the first paper of this series 
(Weber, 1952). This notation is nsed throughout. 


i TheZ Slope and intercept is 

mes of the rotation of the ellipsoid. Consequently 
1/y-l/Po bT/3q pT 
Ph 3 1/Po + i IIPo + ^~^ 
from Eqn. 1. If ^= 1.68 x 10-^ and Tfq at 
25° = 3-33 x10S 

then (To/pft) 25 o = 0-186. According to Oncley (1942) 
the harmonic mean of the principal relaxation times 
of the rotation of ovalbumin at 25° in water is 
7-55 10 8 sec. so that to= 1-4 x lO-Ssec. It will be 
convenient to assume in the future a value of 
14x10 ® sec. for the lifetime of the excited state of 
the fluorescence of the conjugates. By introducing 
it in Eqn. 1 the relaxation times of the rotation of 
the conjugate molecules can be calculated, provided 
the depolarization follows the linear law. 

Plffeci of pH on the relaxation time of the rotation 

Changes of the pH of the solution between 1 -5 and 
13 produce no immediate changes in the polariza- 
tion of the fluorescence. This is shown in Fig. 3 



pH 

Fig. 3. Effect of pH on the polarization of the fluorescence. 

A, native ovalbumin; B, heat denatured ovalbumin; 

Q, bovine serum albumin. 

which refers to measurements done at 19°. The pro- 
tein was dialysed against 0 - 02 M-potassium chloride 
and the pH adjusted, by the addition of hydro- 
chloric acid or sodium hydroxide, to the required 
value which was measured by glass electrode. The 
polarization at each value was recorded as soon as 
possible afterwards, and the measurement repeated 
at intervals during at least 1 In-. During tliis time 
no change whatsoever was found in solutions 
between pH 3 and 1 3 . At pH values between 1 and 3 
a slow increase in the polarization was noticed. This 
increase was much faster if the solutiorus were kept at 
37°. When the solutions kept for some time at pH 2 
were adjusted to the isoelectric point a precipitate of 
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nr,.d The sunematant presence than in the absence of salt. Tins applies 
appeared. P ^ valvios reached after sovornl hours. 

At 30°, in the presence of salt ( 0 ' 25 i-potassium 


solution showed the polarization value correspond- 
ine to the native protein. This acid denaturation 
was studied more fully and the results are described 
below. 

Time course of the acid denaturation 
Tig. 4 shows the changes in the polarization 
during the course of the denaturation of 0'6 /, 
solutions of ovalbumin kept at pH 1‘53-1*65. The 
protein was dialysed agamst distilled water, and 
then diluted to the required concentration. The 



Fig. 4. Time course of the acid denaturation of ovalbumin. 

A, 0-2M-KC1, 30°! B, salt-free, 30°; C, 0'2 m-KC1, 3°; 

D, salt-free, 3°. 

polarization of the fluorescence was then deter- 
mined at two temperatures, and finally the pH was 
adjusted to the required value by addition of m- 
hydroohloric acid. The cell was- maintained at 
constant temperature ( ± 0-5°) and readings were 
made at intervals during 2 hr. The ratio of the 
apparent relaxation time p, to the initial relaxation 
time Pi is given by the simple equation 

Pi 


l/P(-l/Po’ 

whore p( is the initial polarization andpj its value at 
time t. It is assumed that the lifetime of the excited 
state does not change with pH. This is substantiated 
by tho fact that in the protein solution kept at 3° in 
tho absence 01 salt the value of p during the first 
lO min. was the same as before the addition of the 
acid. In tho other cases the course of the reaction 
shows that tho value of p at zero time cannot differ 
gr-catly from that at neutral pH. Moreover, as 
shoum by Table 2, the quenching of the fluorescence 
of several derivatives of 1-dimethylaminonaph- 
thaleno-6-sulphonamide by H ions does not result in 
any rapid change of the lifetime of the excited state 
ol tho uuoroscenco. 

The ciirv es of Fig. 4 show that the increase in the 

particles is much 
faster at tho higher temperature, and faster in the 
Biochem. 1952, 51 


chloride), a copious precipitate occurred after a few 
minutes (arrow in Fig. 4) and no further measure- 
ments wore possible. 

Alkaline denaturation 

The values quoted in Table 3 show that ovalbumin 
dissolved in O-lii -sodium hydroxide had tho samo 
relaxation time of tho rotation a.s at neutral pH. On 
adjusting the pH to tho isoelectric point, tho bulk of 
the protein separated. Therefore in alkaline solu- 
tion, although the protein rvn.s denatured just ns 
readily as in acid, no increase in the relaxation time 
was observed, ^^^^on the isoelectric precipitate was 
redissolved in 0-lM-phosphato buffer, pH 7-8, con- 
siderable increase in tho relaxation time of tho 
rotation was observed. Even in OdJi -sodium 
hydroxide tho average relaxation time of tho 
dissolved isoelectric precipitate was considerably 
liighor than tho native proteui. 

Solutions of ovalbumin kept at pH 12-13 for 
24 hr. showed a decrease in the relaxation time, 
probably due to partial hydrolysis of tho protein. 
Such decrease was never observed in experiments of 
short duration. 

Vrea denaturation of ovalbumin 

To a solution of ovalbumin in distilled water 
(pH4’9) was added 0-49 g. urea/ml. of original 
solution. After standing for 4 days at 0° tho urea was 
dialysed away and the solution finally equilibrated 
against 0-05M-phosphate buffer, pH 7-3. Tho crystal 
clear solution had a concentration of 0-12% 
protein. Fig. 5 shows that tho average relaxation 
time of the rotation of the particles had increased by 
about eight times as compared with that of tho 
native protein. On heating the solution the polariza- 
tion decreased as expected from the linear law. 


Heat denaturation 

Dilute solutions of ovalbumin (0-l-0-2%) in 
O-OSM-phosphate buffer, pH 7, boiled for a short 
timeshowed strong increase in the polarization of the 
fluorescence (Fig. 5). After boiling the solutions for 
5 min. the absorption spectrum showed a maximum 
at 332mg. and was now practically coincident with 
the spectra of the serum albumin conjugates. If tho 
solution was boiled for 1 min. a hybrid curve showing 

two maxima at 332 and 342 mg. was obtained 
(Fig. 6). 

The difference of absorption curves of native egg 
and serum albumins is not likely to be due to any 
eWerence of the covalent attachment of the sul- 
phonamido groups. Since denatured ovalbumin in 
co^on with other denatured proteins (Oster & 
Gnmsson, 1949), resembles serum albumin (at 

11 
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native egg albumin does not) in having a great 


capacity for adsorption of dyes, the identity of the 
absorption curve of their conjugates may be 
accounted for by secondary binding of the sulphon- 
amido groups, which would be absent in conjugates 


6-5 

J-60 
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TItjk 10-^ 

Fig. 5. Polarization of conjugates of denatured ovalbumin. 
A, ovalbumin denatured in alkali (dissolved in 0-1 M- 
NaOH); £, beat-denatured in O'OtM-phospbate buffer, 
pH 7'2; C, denatured by urea (solvent: 0-04M-phosphate 
buffer, pH 7'2); D, denatured by acid, salt-free, pH 1-7. 

, The broken line is the slope corresponding to the native 
ovalbumin. 


B. Bovine serum albumin conjugates 

Absorption spectrum. The conjugates studied 
contained 1-3 mol. of naphthalene per mol. of 
protein of molecular weight 70 000. The absorption 
spectrum is shown in Fig. 1. The maximum of 
absorption is at 332 mp., very nearly that obtained 
with a polylysine conjugate, though shifted slightly 
to longer wavelength. Such change has been found 
in the absorption spectra of many dyes adsorbed on 
serum albumin (Laurence, 1952). This is consistent 
with the secondary binding of covalently attached 
molecules suggested above. In the conjugate, the 
absorption spectrum of which is shown, there were 
2-3mol. ofnaphthalenepermol. of protein, resulting 
from the reaction of 60 % of the added chloride. 

Ejfect of concentration on the polarization of the 
fltiorcscence. Solutions of 1-0-02% showed no 
appreciable difference as regards the polarization of 
the fluorescence, both in distilled water (pH 6-25) 
and in 0-05M-phosphate buffer, pH 7. 

Temperature effect on the polarization. Solutions of 
conjugate at pH 6-8 followed the linear law between 
3 and 50°. Above 50° a marked departure from 
linearity took place. The temperature effects were 
perfectly reversible. Keepingtheproteinsolutionsat 
this pH for 1 hr. at 69° did not result in any significant 
change in the observed polarization. Several con- 
jugates prepared over a period of more than a year 
yielded entirely reproducible results. The regression 
coefficients of 1/p upon Tj-q varied from 4-18 X 10~® 
to 4-36 X 10~® in the different cases with an average 
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Pig. 6. Change of absorption spectrum of ovalbumin con- 
jugates on heat denaturation. , native ovalbumin; 

, boiled for Imin.; , boiled for 5 min. 

Protein concentration 0-36%. 

of native ovalbumin. Tins is supported by the lower 
value of Po for native ovalbumin (0-236) than that 
for serum albumin (0-257), and the increase of the 
former value to 0-254 + 9*04 on heat denaturation 
(measured in 60% sucrose). 


of 4-26 ±0-1. The value of I/Po was 3-90 ± 0-06. The 
data are given in Table 4 and in Fig. 7. 

Polarization of the fluorescence in sucrose solutions. 
The data, are shown in Table 4. It appears that the 
values of the polarization in 20 % (vr/v) sucrose is 
what would be expected from Eqn. 1 if the viscosity 
measured by flow is introduced. The polarization 
calculated using 6 = 4-25xl0~®, obtained from 
measurements in water, agree with the observed 


values witliin the experimental error. 


Fig. 8 gives the plot of 


1/P + ^ • i / . 

— — against to/po! 

VPo + h 


where po is the relaxa tion time of a sphere of volume 
equal to that of the serum albumin molecule. If this 
has anliydrous molecular weight M and partial 
specific volume S, and the hj^dration is H g. of water 


per g. of anliydrous protein 


po=4^M(h+s). 


Introducing to=1*4x 10“® sec. from the measure- 
ments -with ovalbumin 31=7x10*; 8 = 0-75; and 
H = 0-15 from the recent measurements of Haggis, 
Buchanan & Hasted (1951), we have 

T 

— =6-15x 10-®x— . 

Po V 
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The figure shows that an axial ratio of 4 wouW 
Table 4. Polarization of the fluorescence of bovine account well for the observed values If - U-d mo 
serum albumin conjugate at different temperatures ^atio would be about 3 and 5 if " • 

The polarization recorded in GO % sucrose at> ^ 

(Conjugate containing 2-3 mol. naphtbalene/mol. pro- ^ ^ q.qq 2. Within the limits of tho expen- 

tein. Solvent: 0 - 05 M-phosphate buffer, pH 6-77. Protem is the same as the value obtained 

concentration: 0'12%.) by extrapolation {0'256). 


Temp. 

(°) 

Th X 10-5 

e 

Observed 

^ 

Calculated 

3-4 

173 

0-216 

0-216 

10-7 

221 

0-210 

0-206 

23-6 

320 

0-188 

0-189 

30-3 

380 

0-182 

0-180 

35-4 

431 

0-176 

0-174 

44-5 

626 

0-163 

0-162 

38-9 

465 

0-173 

0-169 

51-5 

606 

0-165 

0-153 

65-7 

657 

0-148 

0-148 

58-4 

690 

0-140 

0-146 

14-6 

248 

0-200 

0-201 

3-0 

170 

0-215 

0-216 

20-2 

293 

0-192 

0-193 

50-2 

592 

0-152 

0-155 

64-8 

646 

0-145 

0-149 

58-8 

696 

0-138 

0-144 

Same conjugate. Sucrose added to 20% (w/v). 

3-5 

83 

0-237 

0-236 

16-7 

135 

• 0-225 

0-224 

27-6 

188 

0-214 

0-213 

35-1 

235 

0-206 

0-204 

39-5 

260 

0-200 

0-198 

48-1 

319 

0-190 

0-190 

63-5 

365 

0-181 

0-182 



Fig. 8. Abscissa: To/po- Ordinate: as explained in 

the text. The curves are the theoretical for ellipsoids of 
elongation 2, 4 and 6 (Weber, 1952). 

The harmonic mean of the relaxation times of the 
rotation at 26° in water can be determined from 


The polarizations have been calculated from the equation 

i=3-90+0-433xl0'*-. 

P V 


Eqn. 1 in which to= 1’4 x 10~® sec. We thus obtain 
Pfc=l'27 X 10"’sec., while Oncley (1942) gives 
P;^=l-24x lO^’sec. from measurements of the di- 
electric dispersion with horse serum albumin. 



1’ ig. 1 . The effect of temperature on the polarization of the 
fluorescence of bovine serum albumin conjugates. The 
open and filled circles correspond to t:YO different pre- 
parations, Tho solid bnc is the regression line obtained 
from tho observations at temperatures below 50°. 


Observations on bovine serum albumin 
conjugate in acid solution 

If a 0-1 % solution of conjugate is thorouglily 
dialysed against distilled water and the pH adjusted 
to 1-8-2 by addition of a small amount of M-hydro-' 
chloric acid the polarization of the fluorescence 
drops from 0-196 (at 18°) to 0-147, Measurements at 
different temperatures at this pH yielded 

6 = (9-68 + 0-2)x 10-S; 

1/Po=4-08±0-07; 

jS= (2-2 ± 0-06) X 10-5. 

In 60% sucrose p = 0-245 in good agreement with 
the extrapolated Po - The results are shown in Eig. 9. 
After neutralization by dialysis against 0-06 m- 
phosphate buffer, pH 7, the observed polarizations 
yielded 6 = 4-3x10-5; l/po = 3-95,- |So= 1-02 x 10-5, 
showing that the changes in polarization with pH 
were perfectly reversible. 

The intensity of the fluorescence of the salt-free 
conjugates at pH 2 was 60 % of the intensity at pH 7, 
while the absorption spectrum showed no con- 
spicuous change. The observations on the ovalbumin 
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conjugates, together with those on the quenching of 
the fluorescence of the sulphonamido derivatives, 
show that no change in the lifetime of the excited 
state is to be expected. It must be concluded that the 
changes in polarization are due to a change in the 
relaxation time of the rotation. In turn, this cannot 
be due to a simple change in shape of the serum 
albmnin neutral molecule, if this is an ellipsoid of 
axial ratio 5 or less. On changing into a sphere, such 



0 1 2 3 4 5 6 

T/)?x10-^ 

Fig. 9. A, polarizations of bovine serum albiunin (0-12%) 
in salt-free pH 1’9 solution; B, 20% (w/v) sucrose at 
pH 1‘9; C, solution A neutralized to pH 7, 

an ellipsoid will have a relaxation time of 0-52 times 
the original value, while the observed ratio of p is 
0-46. In order that this may be explained by a 
change in shape the neutral molecule would have to 
be an elUpsoid of elongation 8 or more or a flat 
molecule of axial ratio greater than 5. The absence of 
cmvature in the plot of Ijp against Tjtj (Fig. 8) 


to assume that, in a solution of particles that have 
reacted together with the sulphonyl chloride,/,- the 
contribution of each species to the total emitted 
intensity is proportional to its relaxation time. 


Therefore 


^iPhi 


wliere Nf is the number of molecules of relaxation 
time . The weighted harmonic mean of the relaxa- 
tion times is -ei 


where pa is the number average of the relaxation 
times. Thus, if the original and resulting particles 
have the same shape, the ratio of the p quantities is 
the number of units into wliich the original molecule 
has dissociated. 

The polarizations obtained at pH 2 in 20% 
(w/v) sucrose (Fig. 9) were systematically lower than 
in water at equal values of T/ij. The sucrose points 
fall evenly on a straight line with 6= 1-30; l/po=4; 
P=2‘T0. The difference from the values in water 
may be due to more complete dissociation in sucrose 
(hydrogen bonds?) or to differences between the 
microscopic viscosity and the viscosity measured by 
flow. It may be pointed out that at pH 2 a small 
percentage of the sucrose present was hydrolysed 
and therefore a chemical reaction of the hexoses 
with the protein cannot be excluded. 

Effect of salt on the acid dissociation. In the 
presence of M-potassimn chloride, or OT M-potassium 
sulphate the dissociation did not take place when the 
pH was brought from neutrality to 1-9. If the salt 
was added after the dissociation was obtained, 
complete reversal was observed, the polarization 
increasing to the original value in neutral solution. 


excludes the former, while the data of the dielectric 
dispersion (Oncley, 1942) do not support the latter. 
We may then conclude that molecular fission is the 
cause of the observed changes in the polarization. 
The munber of resulting particles cannot be easily 
decided because of the ixnknown shape of the sub- 
imits. If these are less asymmetric than the parent 
molecule their number cannot be other than two, 
but if their asymmetry is greater a larger number is 
possible. The fact that the resulting particles may 
not all be of equal size should, within wide limits, 
have little influence on the observed slope, provided 
that the original and resulting particles have 
similar shape. If we assume that the groups that can 
react with the sulphonyl chloride have equal 
affinity for tins reagent, the particles will contribute 
to the total fluorescent intensity in proportion to the 
number of such groups that they possess. In the 
absence of more detailed infoimation it is convenient 


Observations on bovine serum albumin 
in alkaline solution 

O-Sml. of 0-5% salt free conjugate was mixed 
with 2 ml. of OTsi-sodium hydroxide and the 
polarizations at different temperatures recorded. 
\Vlien measurements at temperatures higher than 
25-30° were attempted an irreversible fall in the 
polarization was noticed. This was also noticed at 
lower temperatures if the alkali was left to act for 
a longer time (i.e. 12 In. at room temperature). The 
polarization measurements below 28° were temper- 
ature reversible and could be repeated with several 
conjugates witliin 5%. As shown in Fig. 10, these 
measurements yielded 6 = 1T9; 1/po = 4-34; p= 2'5G. 
The polarization in 60 % sucrose was 0-230 in 
excellent agreement with the extrapolated value. 

Solutions left for an hour at 18°, and then 
neutralized, showed that the dissociation in alkali is 
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completely reversible as regards the relaxation time 
of the rotation. Solutions left for 10 hr. in alkali at 
4° showed when neutralized a faU in the polarization 
indicating that if the action of the alkali is prolonged 
the reaction is no longer wholly reversible. 

The slope and intercept of the solutions in alkali 
show differences from the values in acid. The com- 
paratively minor differences in the values of p 
(0-40 and 0-40 respectively) can be due to a variety 
of causes, the analysis of which is not possible with 
the sole resources of this method. As regards the 
decrease in pg observed in alkali, several sources 
(Klotz, 1949; Laurence, 1952) indicate that the 
binding power of serum albumin is much dimmished 
in alkaline solution. It may then be expected that 



Tig. 10. A, polarizations of bovine .serum albumin in 0-1 m- 
NaOH; B, a similar solution, kept for an hour at room 
temperature and then neutralized. 


9-5 and 11-8 on the alkaline side. No further change 
was observed below pH 2 or above pH 12. 
neutralized solutions showed no detectable differ- 
ence from the original neutral solution. The most 
important fact to be noticed here is the complete 
correspondence of the regions of rapid change of the 
polarization with the main regions of titration of the 
protein. 

Effect of urea treatment of the 
serum albumin conjugates 
After treatment with 6M-urea and subsequent 
removal of the latter by dialysis, the plot of 1/p 
against T/rj, as shown in Eig. 11, gave a slope of 



Pig. 11. Bovine serum albumin regenerated from CM-urea. 
The filled and open circles correspond to two independent 
experiments. The broken line is the slope of the native 
albumin. 


the freedom of rotation of the attached molecule 
should be larger in the latter case, leading to a 
decrease in the limiting polarization (Weber, 1952). 
The alkaline dissociation is largely unaffected by 
salt. 

Effect o/pH on the relaxation 
time of the rotation 

Fig. 3 shows the effect of pH on the polarization 
of the fluorescence of 0T% salt-free conjugates. 
The pH changes were obtained by addition of 
dilute hydrochloric acid or sodium hydroxide 
re.spcctively and measured by glass electrode. The 
following points were noticed: (i) The shift in the 
polarization of the fluorescence rvith pH was com- 
plete in a mutter of minutes, tliis being the time 
necessary to take a series of readings. In no case 
could a time effect be detected, even in solutions 
Kept at 3 . (ii) Tlueefold dilution at any pH value 
did not result in any conspicuous change in the 
polarization, (iii) The main changes took place 
between pH 4 and 2-5 on the acid side, between 


0-40-0-42 in the different preparations, and inter- 
cept varying from 4-28 to 4- 10. The slope was there- 
fore not significantly different from that of the 
native protein, while the intercept was slightly, 
though consistently, higher. In 60% sucrose the 
observed polarization was 0-245 + 0-005. The pro- 
tein regenerated from urea has been foimd by sedi- 
mentation studies (Putnam, Erickson, VoUdh & 
Nem-ath, 1943) to have a molecular weight equal 
to the native, and the observations here reported 
agree with it. The increase in the intercept can be 
interpreted as an increase in the rotational freedom 
of the coupled molecule due to decrease in the 
binding power of the protein, and a study of this 
property in urea-regenerated serum albumin may 
decide on the validity of this interpretation. 




As described in the experiments, the sulphonv 
chloride reacted very readily with the primar 
ammo groups so that the formation of sulphon 
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amido linkages as the most important product of 
the reaction with the protein offers little doubt. The 
absorption spectrum of the sulphonyl chloride 
presents a maximum at 369 m/^. and therefore, if 
any important amount of unreacted chloride were 
to remain adsorbed to the protein, a second 
maximum or an inflexion should appear in that 
region of the absorption spectnun of the conjugates. 
Such inflexion was observed in mixtures of proteins 
and clfloride at the beginning of the reaction, but as 
tlois proceeded the inflexion decreased and dis- 
appeared. 

Perrin’s law of depolarization is followed by the 
senun albumin and ovalbumin conjugates within 
the limits of the experimental error. If the vahdity 
of Eqn. I, 28 is accepted, the absence of visible 
cmv’^atm'e may be taken as an indication that the 
molecifles are flat or only moderately elongated. In 
all cases where the straight line law was followed 
excellent agreement was foimd between the lim iting 
polarization Po as determined b 3 ’' extrapolation and 
the polarization observed in 60 % sucrose solution. 
The differences in the value of in the different 
conjugates may be attributed to the varying degree 
of rotation about its conjugating bond allowed to the 
coupled molecule. The calculation of absolute values 
of the mean relaxation time of the rotation requires 
To to be known. Relative values of may, however, 
be calculated if tq is assumed to be the same in the 
different conjugates. This can only be decided bj*^ 
direct measurement of tq, but the data presented 
show that the calculation of this quantity using 
the available figmes for the relaxation times of 
the rotation of ovalbumin and serum albvunin 
leads in both cases to the same value, namely 
to=1-4x 10~® sec. 

It is also assumed that no change takes place in 
the lifetime of the excited state between pH 1-5 
and 14. Ovalbumin conjugates give the same polari- 
zation between these extreme values' provided the 
observations in acid are done rapidly and at low 
temperatmre to avoid denaturation. The conjugates 
at pH 1—2 show a decrease in the fluorescence in- 
tensity and the lack of change in the lifetime of the 
excited state must be attributed to the long lifetime 
of the non-fluorescent form (Weber, 1948). A study 
of the quenching of the fluorescence of the sul- 
phonamido derivatives of l-dimethylaminonaph- 
thalene-5-sulphonic acid makes clear that such is the 
case and that moderate degrees of quenching should 
not alter sensibly the value of tq • It is worthy of note 
that the quencliing of the substituted sulplion- 
amides took place at pH 3—4, while the conjugates 
showed httle quenching (about 30%) at pH 1-5. 
This difference is readily explained by the fact that 
nt pH lower than the isoelectric point the ionic 
ntmosphere of the protein will contain fewer 
hj'drogen ions than the bulk of the solvent. The 
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fluorescent intensity of the conjugates of seium 
albumin was considerably greater than those of 
native ovalbumin. Here once more the notion of a 
tautomeric non-fluorescent modification endowed 
with long life is probably valid. 

Ovalbumin conjugates. The most important fact to 
emerge from the study of these conjugates is that 
reversible dissociation of the protein, by acid, alkali, 
or heat, was never seen and that the relaxation time 
increased eonsiderably on denaturation by acid, 
alkaU, heat, or urea. Tliis increase in the observed 
relaxation time cannot be explained by an increase in 
the axial ratio of the particles alone. If the original 
quasi -spherical ovalbumin molecule is drawn into an 
ellipsoid of infinite axial ratio, Eqn. I, 28 shows that 
the apparent relaxation time cannot increase bj^ a 
factor greater than 3. In the experiments, however, 
as shown in Figs. 4 and 5, increases of eight times 
and more were observed. These results lend them- 
selves to a simple and complete interpretation if 
aggregation of denatmed molecules is assumed to be 
the main cause of the increase in the relaxation time 
of the rotation. In the experiments on the time 
course of the acid denaturation, a visible precipitate 
appeared only in the case where the rate of increase 
of the relaxation time was a maximum, suggesting 
a continuous transition between the postulated 
aggregates and the precipitate. The isoelectric pre- 
cipitation of denatmed ovalbumin may be con- 
sidered as the continuation of the aggregation on to 
a macroscopic scale. 

If the aggregation is due to interactions wliich, 
like hydrogen bonds and van der Waals forces, 
decay rapidly with the distance, the main factor 
determining the growth of the particles wfll be the 
extent to which the electrostatic repulsion between 
the molecules can offset the thermal agitation and 
thus prevent the approach and interaction that 
leads to permanent binding (Verwey & Overbeek, 
1948). The addition of electroljde by decreasing the 
thickness of the double layer lets the particles grow 
larger and in the experiment at 30° the co-operative 
effect of salt and temperature allowed indefimte 
aggregation and flocculation to take place. The acid 
denaturation was accompanied by immediate in- 
crease in the relaxation time, while the protem 
denatured by alkali did not show it until the pH was 
brought near the isoelectric point. Moreover, when 
dissolved in acid, the alkaline denatured ovalbmnin 
showed also increased relaxation time. A likely 
explanation of these facts is that the aggregation 
in acid is due to hydrogen bonds mainly from 
the imcharged carboxyl groups. Ho comparable 
somce of hydrogen bonds exists in the alkaline 
protem. 

The aggregation of ovalbumin in acid has been 
shown by Huang & Wn (1930) by osmotic pressure 
measurements . 
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Serum albumin ccmjugates. In. contradistinction, 
to ovalbumin the relaxation time of the rotation 
showed marked dependence on the pH of the 
solutions. The data presented show that the changes 
cannot be attributed to increase in to or to a simple 
change in shape of the serum albumin molecules, 
and that reversible dissociation into sub-units must 
be admitted. The study of this dissociation will be 
the object of another paper. It need only be indi- 
cated here that the departure from the linear law 
above 50° observed in neutral solution (Eigs. 7 and 8) 
can be explained by thermal dissociation of the 
molecule. 

SIBIMARY 

1. The preparation of stable fluorescent conju- 
gates of ovalbumin and bovine serum albumin with 
1 -dimethylaminonaphthalene - 5 -sulphonyl cliloride 
is described. 

2. It is shown that the fluorescence of solutions 
of the purified conjugates follow Perrin’s law of 
depolarization, yielding straight lines when the 
reciprocal of the polarization is plotted against the 
ratio of the absolute temperature to the viscosity 
of the solvent. 

3. The slopes of the conjugates studied are re- 
producible witliin 2 % , and for ovalbmnin and bovine 
serum albumin at neutral pH are in the ratio of the 
harmonic mean of the principal relaxation times of 
the rotation as required by theory. 

4. The polarizations observed in 60% sucrose 


solution are, in all cases studied, in excellent agree-' 
ment with the luniting polarization obtained by 
extrapolation. 

5. The relaxation time of the rotation of oval- 
bumin is shown to be independent of pH within a 
wide range (pH 1-6-14). 

6. The denaturation of ovalbumin by acid, urea 
or heat results invariably in an increase in the 
relaxation time of the particles. The effect of 
temperature and of neutral salts on the acid de- 
naturation has been studied, 

7. The polarization of the fluorescence of bovine 
serum albumin conjugates is independent of pH 
between 4 and 9, but falls rapidly outside this region 
to reach lower stable values at pH 2 and 12 re- 
spectively. It is shown that only reversible dissocia- 
tion into sub-units can explain these facts. 

8. Bovine serum albumin regenerated from urea 
does not differ appreciably from the native species 
as regards particle size. 

9. The preparation and characterization of 
l-dimethylammonaphthalene-5-sulphonyl cWoride 
and of several sulphonamido derivatives are 
described. 

The author is indebted to Dr Malcolm Dixon, F.R.S., 
under whose supervision this work was begun, for many 
suggestions and criticisms. He wishes also to express his 
gratitude to Dr K. Bailey and Dr F. Sanger, and to Mr 
D. J. R. Laurence and Jlr T. C. Tsao for many interesting 
discussions. The micro-analyses have been performed by 
Weiler and Strauss, Oxford. 
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A Study of the Adsorption of Dyes on Bovine Serum Albumin 
by the Method of Polarization of Fluorescence 

By D. J. R. LAURENCE* 

Biochemical Laboratory, University of Cambridge 


{ftcceived 1 

The ability of serum to bind small molecules was 
brought into prominence by the work of de TT«.n.r» 
(1922) on the excretion of vital dyestuffs by the 
Iddney. Grollman (1925) later showed by ultra- 
filtration that seriun albumin possesses the property 
not possessed by ovalbumin, serum globulin, or 
gelatin, of adsorbing phenol red at allraline pH. He 
showed that all the proteins studied bound the dye 
when the dye and the protein were of opposite 
electrical charge, but that serum albumin could also 
bind the negatively charged dye when it was itself 
negatively charged, adsorption decreasing rapidly, 
however, above pH 8. Bennhold (1932) showed 
that a variety of dyes and substances of pharmaco- 
logical value was carried by the albumin fraction of 
serum and proposed for the protein a transporting 
fimction in the animal body. Recent studies on the 
binding by the serum albumin fraction (Smith & 
Smith, 1938; Rawson, 1943; Chow & McKee, 1946) 
and especially the detailed studies of Murray Luck 
and his co-workers on the stabilization of serum 
albiunin (Boyer, Lum, Ballou, Luck & Rice, 1946) 
and the intensive physicochemical studies of Klotz 
( 1 949) have gone far to elucidate both the conditions 
tmderwhich adsorption takes place and the practical 
importance of the phenomenon (Edsall, 1947). Mean- 
while, Scatchard, Schernberg & Armstrong (1950) 
and Edsall, Edelhoch, Lontie & Morrison (1950) have 
shown that serum albumin also binds a nmnber of 
negatively charged inorganic ions. 

The present paper is concerned with a study 
similar in principle to those previously carried out, 
of the binding of certain fluorescent dyes to bovine 
senun albumin. The method used was that de- 
veloped by Dr G. Weber in this department de- 
pending on a measurement of the polarization of 
the light emitted by excited fluorescent molecules 
(Weber, 1952). 

THEORETICAL 

The polarization of the fluorescent light from a dye 
molecule depends on the relaxation time of rotary 
Brownian movement of the dye in a given environ- 
ment and on the time which the dye molecule takes 
to emit its light following an excitation. If the dye 

♦ 'Present address: Postgraduate Medical School, Ducane 
Rd.,lliOndon, W. 12. 
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molecules are able to rotate extensively between 
excitation and emission, the fluorescent light has 
little overall polarization while if the molecules 
rotate very little in this time the emitting oscillators 
will remain appreciably orientated and will produce 
an overall polarization of the fluorescent light 
(Perrin, 1 936). For the majority of dyes in aqueous 
solution the relaxation times of the molecules are 
small compared with the time taken to emit the 
fluorescence, and so the polarization of the fluor- 
escence is small (usually less than 1 %). The relaxa- 
tion time may be increased by placing the dye in a 
viscous medium such as glycerol (Weigert, 1920) or, 
as Weber has shown, by attaching the dye to a 
macromolecule such as a protein, wliich rotates more 
slowly in aqueous solution than does the free dye. 
The result of importance in the present study is that 
the fluorescence of the dye adsorbed on the protein is 
partially polarized, while the fluorescence of the 
free dye is usually unpolarized. Therefore, in any 
mixtiue of a fluorescent dye with a protein, where a 
part of the dye is bound to the protein and the 
remainder is free, the polarization P observed will 
be less than that for complete binding of the dye 
depending on the relative contribution which the 
free and the bound dye make to the total fluorescent 
intensity. One can say that the polarized fluor- 
escence of the boimd dye is diluted by the rmpolar- 
ized fluorescence of the free dye. A Imowledge of the 
relative intensities of fluorescence of the dye, free 
and boimd, and of the measured polarization of the 
dye-protein mixttue enables the amount of dye 
bound to be easily calculated as follows. (For 
derivations of these formulae see Appendix.) 

Assuming that the fluorescence of the free dye m 
solution is unpolarized, the ratio ofPto Pg will vary 
between 0 and 1 as the degree of adsorption of the 
dye on to the protein is varied. Calling this ratio p 
and supposing the intensity of the fluorescence of 
the dye-protein system relative to that of the dye 
alone at the same concentration and pH is F it is 
shown that the fraction of dye boimd (x) is 
x=pjR-P+l. 

If the dye does not change its fluorescent intensity 
on adsorption (i.e. 1?= 1) the simple formula 
x = p 
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■will hold. On the other hand, if the free dye m 
aqueous solution possesses a measurable polariza- 
tion a second modification of Eqn. 1 is needed, 
namely that, -where n = Fp/-PB. 

(1 — n) — R + 

and Pj, is the polarization of the free dye in solution. 
Otilv one case -was foimd in this work for which the 


EXPERBIENTAL 

Dyes 

The dyes used were chosen for their availability and possible 
experimental value. They can be classified chemically mto 
three classes: (i) sulphonic acid derivatives of 1- and 2- 
naphthylamine containing one, two or three sulphonic acid 
groupings ; (ii) derivatives of fluorescein and rhodamine -with 
- - ■ • ■ (iii\ derivatives of acridine. 



or a decrease in fluorescence dye"™xamined by chromatography on paper. The term 

serum albumm. The significance of these g ‘dve’ has been used for these fluorescent compounds to 

fluorescence will be discussed later, but it is enough nomenclature 


to note here that if a marked increase in fluorescent 
yield occurs on adsorption (as in the case of the 
sulphonic acid derivatives of 1-naphthylamine), 
formula (1) ceased to be of practical use since the 
observed polarization is little diluted by the re- 
latively poor fluorescence of the free dye. In these 
cases a formula _ 

( 2 ) 


x = 


R-l 

Pn.ai.~l 


has been used, in spite of the fact that this formula 
does not distinguish between a change in the fraction 
bound (z) and a redistribution of the akeady bound 
molecules among adsorption sites which affect the 
fluorescence to different degrees. A limitation of 
this sort is implicit in any indkect method such as 
this, especially where only one experimental variable 
is used, and may equally enter into the spectro- 
photometric technique (Klotz, 19466). Since 
formula (1) includes two experimentally determined 
variables it is less likely to suffer from limitations of 
this sort and the formula has been used to detect one 
case (eosin) where the sites are of different kinds. 

In order to determine the number of adsorption 
sites on the albumin and their affinity for the dye the 
equation derived by Klotz (1946 a) was used, namely, 

(3) 


Dx n nD(\—xY 


The Imown quantities in this equation are S and D, 
the total protein and dye concentrations respec- 
tively, and a:, the fraction of dye bound, calculated 
as described above. The unloiown quantities K, the 
equilibrium constant of dissociation of the eye- 
jirotoin complex, and n the number of adsorbing 
sites, may easily bo derived from the experimental 
curves, sinco n is the reciprocal of the intercept at 
the axis and ir/n the slope of the graph. A greater 
'"slbpo means a more dissociable complex. '\\Tien the 
dye concentration is small compared with the pro- 
tein concentration the simple formula 




(3a) 


will apply. This is a useful formula since, even if the 
adsorbing sites differ in combining power, the form 
of the equation remains the same. 


_ although in some cases the 

absorption maximum of the compounds lies in the near 
ultraviolet region of the spectrum. 

Serum albumin 

The protein used was the Armour ciystallme bovine 
serum albumin (batch no. 10522). It was found by com- 
parison with the Armour fraction 5 albumm (batch no. 
12 198) that the crystallization had not appreciably altered 
the adsorbing properties of the protein, but had removed 
some yellow material whose absorption of the exciting light 
might complicate the fluorimetric studies. The absorption at 
the excitation wavelength of 3600 A . was not great enough in 
the crystalline product to require any special corrections. 
The fluorescence of the crystalline protein was also unim- 
portant with the yellow filters (Coming 338, 351, etc.) used 
for examining fluorescence. The protein was made up in 
1 % solution, dialysed for 24 hr. at 0° and filtered through 
Whatman no. 50 filter paper to give a clear solution. The 
protein concentration was measured in a Zeiss interfero- 
meter using the diffnsate in the control compartment. The 
interferometer was calibrated using Kjeldahl nitrogen 
values for ovalbumin solutions. 

Measurejnent of fluorescence 

The protein and dye were mixed and a suitable buffer 
added. Experiments were made both at constant dye con- 
centration and at constant protein concentration. IVhen 
a series was carried out at constant dye concentration, 
only one comparison tube for free dye was required. MTien 
the dye concentration was varied, a comparison tube was 
made up for each dye concentration used. Observations 
were made in each case on the fluorescent intensity of the 
dye-protein mixture, as compared with the fluorescence of 
free dye; and on the polarization of the fluorescence of the 
dye-protein mixture. In cases where interest was found in 
the absorption spectrum of the mixture, this was measured 
in the Beckman spectrophotometer from 6000A. down to 
3100 A. 

The limiting polarization jP g was measured by so increas- 
ing the protein concentration that no further increase in 
polarization resulted from addition of more protein. This 
condition was obtained with the dyes at certain pH values 
especially strong. The work of Weber 
(19o-) suggests that the same value of Hb would be valid at 
other pH values. 

Smee polarization measurements are most easily made 
visuaUy, the mtensity measurements were also made 
visuallj, the same filters for excitation and observation 
being used m both cases. Any changes in colour in the 
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fluorescence during adsorption would affect intensity 
measurements made with a photocell in an arbitrary way 
with respect to the eye and make the use of Eqn. 1 more 
difficult. Fluorescence of wavelength short enough to bo 
readsorbed by the dye was excluded from observation by 
choice of filters. The visual fluorimeter was made by placing 
a Pulfrich photometer headpiece vertically at the end of an 
optical bench and splitting the beam of the usual Siemens 
mercury lamp, placed on the bench, by means of a modified 
Pulfrich beam-splitter. The cells containing the fluorescent 
solutions, size 4x2x1 cm. were filled completely with the 
solutions and covered with pieces of optical glass. They were 


1952 

tionofthe exciting light (Weber, 1952). In the measurement 
of polarizations the exciting light was polarized by a Nicol 
prism in a plane perpendicular to the axis of observation. ' In 
the fluorimeter, on the other hand, the exciting light was 
unpolarized. To make the two sets of measurements com- 
parable the following formula (derived in the AppendLx) was 
used where 1' is the observed and I is the corrected intensity : 


1-ip' 

For the theoretical maximum of the polarization of 0-50 this 
correction is 33 %. 






1 -Naphthylamine- 
8-sulphonio acid 



Protein ooncn. 


( X 10^ mol./l.) 
S 


1- 46 

2- 92 
6-84 


Table 1. Combination of fluorescein in borate buffer at pH 9-1 
(Fluorescein concentration =0*13 x 10'® mol./l.) 


Polarization 

( X 100) 

loop 

7-6 

12-0 

17-0 


Relative 


Fraction of 
dye bound (a;) 

intensity 

R 

pB 

0-61 

013 

0-52 

0-51 

0-17 

0-66 

0-37 

0-17 

0-80 


* Where n is the number of binding sites. 


Equihbrium 
constant ( x 10^) 
K=nS{,l -x)lx* 


l-35«. 

l-50» 

l-45a 


illuminated on their largest faces and observed through the 
top. The fluorescent intensities of a series under test were 
always compared with the brightest fluorescence of the 
series whether the free dye or the dye combined with the 
protein. 

A simple correction was made to the intensity measure- 
ments, since the intensity observed from a solution pro- 
ducing polarized fluorescence is dependent on the polariza- 


RESULTS 

Table 1 gives some typical results of the combina- 
tion of the bivalent 'negative ion of fluorescein with 
serum albumin in borate buffer at pH 9. The 
fluorescein concentration was small compared with 
the protein concentration and so Eqn. 3a apph’es. 
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The result of plotting according to Eqn. 3 is a 
straight line passing through the origin with slope 
determined by the eqiulibrium constant. . 

Table 2 illustrates a second simple case. This is 
that of the tervalent negative ion of the 2-naph- 
thylamine-3:6:8-trisulphonic acid in unbuffered 

salt-free protein solution at pH 5-4. In this case 
there is strong binding to the protein so that over a 
range of concentration of both protein and dye two 
molecules of the dye are hound by one molecule^ of 
albumin (molecular weight 70000). Extrapolation 
from Table 1 shows that fluorescein is only 0-26 
times as fluorescent on the protein as in the solution. 
The fluorescence of the 2-naphthylamine-3:6:8- 
trisulphonic acid, on the other hand, is but little 
altered by adsorption. 

Table 2. Combination of 2-naphthylamine-3:Q:8- 

trisulphonie acid at the isolectric point 

Molecules of dye 

Protein concn. Fraction of bound per molecule 
X 10* mol./l. dye bound {x) of protein 

(o) Dye concentration =5 x 10“* mol./l. 

O'OO 0-26 2-15 

1- 21 0-52 2-15 

2- 42 0-92 1-89 


As the pH in the surrounding solution is de- 
creased and the charge of protein becomes more 
positive it would be expected that there would be an 
increase in the amount of a negative dye botmd to 



Molecules of dye 

Dye concn. Fraction of bound per molecule 

( X 10* mol./l.) dye bound {x) of protein 
(6) Protein concentration = 1'21 x 10“* mol./l. 


5'0 

0-50 

2-06 

lO'O 

0-258 

2-13 

20-0 

0-132 

2-18 


Table 3 gives data for the monovalent negative 
ion of l-naphthylamine-8-sulphonic acid in phos- 
phate bufier, pH 6’9. In this case the fluorescence 
of the dye is much increased on the protein (about 


Table 3. Combination of l-naphthylamine-8- 
sulphonic acid at pH 6-9 

(Sulplionic acid concentration 4-15 x 10“* mol./l.) 

Molecules of 



Relative 

Fraction of 

dye bound 

Protein concn. 

intensity 

dye bound per molecule 

( X 10 * mol.A) 

(-20)* 

{=<=) 

of protein 

0-00 

0-05 

0-00 


0-725 

0-37 

0-34 

1-95 

1-45 

0-62 

0-60 

1-72 

2-90 

0-84 

0-84 

1-19 

7-25 

1-00 

1-00 



* I.o. mlativo to the same concentration of free dye, 
allowing for the increase of fluorescence on adsorption. 


-0-fold), and the polarization rises to a maximum 
before the limit is reached in the increase of fluor- 
escence. Using Eqn. 2 it appears that about 2 
luolocules of this substance are bound to the protein 
m the concentration range studied. 


Fig. 1. Adsorption isotherms of 2-naphthylamine-3:6:8- 
trisulphonio acid. 



Fig. 2. Adsorption isotherms of fluorescein. 


i uuu uy uiio louowmg aatf 

for 2-naphthylamine-3:6:8-trisulphonicacid (Pig. 1) 

fluoreseem (Fig. 2) and l-naphthylamine-3:8 
^ulphonic acid (Pig. 3). It should be noted tha 
fl^rescem contams two titratable groups betweei 
pH 8 and 4, while the l-naphthylamine-3:8-disul 
phomc acid contains one with pK 3-9. These reduci 

SkalSfpH 
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Figs. 4 and 5 summarize the results obtained by 
plotting the polarizations obtained at an arbitrary 
protein concentration against the pH. Fig. 4 is for 
positive ions (basic dyes) and Fig. 5 is for negative 
ions (acidic dyes). The results illustrate the familiar 
observation that an opposite charge on the protein 
favoius the combination of a dye, but there is also 



Fig. 3. Adsorption isotherms of l-naphtliylamine-3:8- 
disulphonic acid. 



Fig. 4. Effect of pH on the adsorption of positive dyes 
{a) mepacrine, (6) cresyl fast violet, (c) 5-aminoacridine, 
(d) aoridylbenzoic acid methyl ester. 

Fig. 5. Effect of pH on the adsorption of negative dyes 
(a) fluorescein, (b) l-naphthylamine-3:8-disulphonic acid, 
(c) 2-naphthylamine-3:6:8-trisulphonic acid, [d) eosin. 

noticeable the special characteristic of serum 
albmnin. This is apparent in both graphs. In Fig. 5 
it is seen that negative ions, even tervalent ions, 
continue to combine with the protein on the alkaline 
side of the isoelectric point (pH 5-4). In Fig. 4, 
though the basic dyes combine in aU cases with the 
protein, there are marked changes in extent of 
combination at the pK’s of certain groups in the 
dyes. These changes lead to the conclusion that the 
neutral form of the dye (that form which is more 


1952 

hpid-soluble) is more strongly adsorbed than the 
positive ion, even though the average charge on the 
protem at these pH’s would be expected to favour 
combination with the positive ion. 

This is confirmed by the result of adding serum 
albmnin to o-5-acridylbenzoic acid at pH 6 where 
the protein is slightly negative and the dye mostly 
in the zwitterion form with a negatively charged 



Fig. 6. Effect of pH on the absorption spectrum of 
o-5-aeridylbenzoio acid. 



Fig. 7. Effect of the addition of serum albumin on the 
absorption spectrum of aoridylbenzoic acid at pH 6-0. 

carboxyl group and a positively charged hetero- 
cyclic ring. The serum albmnin has the same effect 
on the dye as does a change of pH toward the 
alkaline side (Figs. 6 and 7). Addition of serum 
albumin to the dye at pH 9 when the heterooych'c 
nitrogen is imcharged has no effect on the spectrum. 
This ‘reversed protein error’ can be due to forces 
like those which produce the other effects discussed 
here. Fig. 8 shows adsorption isotherms for this dye. 

That the neutral and ionic forms of the dyes differ 
markedly in the values is made unlilrely by 
experiments on the polarization of the fluorescence 
of the two forms in glycerol-water solutions of 
various viscosities. The conclusion follows that 
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^y}lae the presence of a charged group on the mole- 
cule is not a necessary condition for adsorption o 
occur, a positive group in contrast with a negative 
group has a strong inhibitory influence on the 
combination. This influence extends as far as pH 
the pK of the ring nitrogen in 5-aininoacnduie 
{Albert & Goldacre, 1943) when the protem has a 
net charge of about —30 (Tanford, 1950). 



Fig. 8. Adsorption isotherms of acridylbenzoic acid. 


ON SBRUIM ALBUAHN 

It can also be shown that fluorescein methyl 
ester and o-5-acridyl-benzoic acid methyl ester are 
adsorbed to about the same extent as the free acids. 
Sulphofluorescein is adsorbed similarly to fluor- 
escein, and succinylfluorescein, with a short side 
chain instead of a ring, less than fluorescein. 



Fig. 9. Adsorption isotherms of eosin and fluorescein in 
O-OlM-phosphate pH 6-9. 


Effect 0/ modifications in structure of the dye 

Some results of interest to the general theory of 
adsorption are obtained when the effect of minor 
alterations in the structure of the dye on its adsorp- 
tion properties is studied. Fig. 9 shows results with 
fluorescein as compared ivitli eosin in neutral 
phosphate buffer. Eosin is a case where the in- 
tensity does not change linearly with the calculated 
fraction bound (w) but first decreases and then in- 
creases as the protein concentration is increased. 
Tliis unusual effect can be explained if only a few of 
the total binding sites yield an appreciably fluor- 
escent adsorption complex and if it is assumed that 
these are the most actively combining sites. While 
the dyo is in excess of the total sites, both the sites of 
low and of high fluorescent yield will be occupied. If 
an excess of sites is present, however, the sites of 
higher fluorescent yield will be favoured and the 
fluorescent intensity will increase again. There is 
therefore a minimum of fluorescence depending on 
(ho ratio of dyo to protoin. Using the formula 1 b the 
amount' bound is found to increase continuously over 
the range of protein concentration. 

The naphthylaminesulphonic acids tried, namely' 
(lio l-nnplithylamino-o- and 8-monosulphonicacids, 
(he 3;S-disulphonic acid and tho 3;6;8- and 4:6:8- 
trisulphouic acids and tho 2-naphthylamine-3:6:8- 
sulphonic acid, showed binding of about tho same 
extent at neutral pH. 3>Iethylation of the amino 
group increases tho extent of combination of the 
l-naphthylamino-5-sulphonic acid with serum 
albumin. 


Competition experiments 

As it has so far been described, the method of the 
polarization of fluorescence is limited to studying 
the combination of fluorescent substances only. 
A knowledge of the ability of various substances to 
compete with suitable test dyes leads, however, to 
an extension of the method in a more indirect form 
(Kiotz, 1949). There are two easy ways of carrying 
out competition experiments : 

(i) With a given quantity of serum albumin and of test 
dye the polarization is recorded and, in addition, the 
polarization (always less than Pfj which results when a 
known further amount of the same dye is added. If, in- 
stead of this further addition, an equimolar amount of a 
non-fluoresoent competitor is added and a polarization P3 
results we have either 

P 3 —P 1 The substance shows no competition 

Pa—Pt Competes as strongly as the test substance 

Pi^Ps^Ps Competes less than the test substance 

Pj < P. Competes more than the test substance 

This is illustrated by Table 4, where various derivatives 
of naphthalene are used to compete with the 2-naphthyl- 
amine-S'.G'.S-sulphonic acid. The sidphonic groups, but not 
the amino groups, seem necessary for competition. As the 
I- and 2-naphthylamines themselves have no effect on the 
polarization, it seems likely that they do not combine at the 
site of combination of the test substance at the concentration 
used. 

(ii) For substances whose combination with protein is 
fairly weak, competition can be studied by adding the 
competitor m great excess relative to the protein and noting 
the decrease in the polarization. 
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Table 4. Competition of related compounds xoith ^-naphthylamine-’^-.H-.S-trisulphonic acid (pH 6-7) 


Competitor 


Hone 

Hone 

1- Naphthylamine 

2- NaphthyIamine 
Naphthalene-l-sulphonic acid 
Haphthalene-2-sulphomc acid 
Naplithalene-3:6:8-trisulphonic acid 
A-Acetyl-l-naphthj’lamine-S-sulphonic aoid 

The present experiments have been confined to 
comparing the relative affinities of related simple 
substances as revealed by this method, although an 
absolute derivation should be possible. 

Table 5 gives data for the ability of various ions to 
compete at the same molar concentrations, again 
using the 2-naphthylamine-3:6:8-trisulphonic acid 
as test substance. The outstanding trend in this 
table is that whereas alteration of the cation has 
little or no effect on the extent of the combination the 
ability of different anions to compete is markedly 
different. Tliis agrees with the results found both in 
this study and by other workers that preferential 
combination occurs with the negative ion of an ionic 
compoimd in solution. 

The competition with the series of univalent 
anions F~<Cl~<Br-<N 03 “<I“ lies in their order 
in the so-called Hofmeister series relating to gelatin 
(Loeb, 1924) and this shows that the simple assump- 
tions of the Debye-Hiickel theory cannot in tlus 
case be sufficient to explain the effect of these salts. 
Tlie effect of bromine atoms (see results with eosin 
above) and of nitro groups (Teresi & Luck, 1948) in 
organic molecules seem to be paralleled by the strong 
binding of the nitrate and bromide ions. 

Table 6 gives a similar set of figures for some 
organic anions and one cation. The differences 
observed between the different compounds in this 


Amount of 
Amoimt of competitor 


test substance (ml. equimolar 


(ml.) 

solution) 

Polarization 

1-0 

— 

0-060 Pj 

0-2 

— 

0-116 P, 

0-2 

0-8 

0-115 Pj 

0-2 

0-8 

0-117 P3 

0-2 

0-8 

0-065 P3 

0-2 

0-8 

0-052 P3 

0-2 

0-8 

0-035 P3 

0-2 

0-8 

0-071 P3 

Table 5. 

Competition of some ions -with 2-naphthyl 

aniine-3:6;8-t.risulphonic acid (pH 6-7) 


Competitor (m/15)-. 
None 

Polarization 

0-202 


NaCl 

O-lOO 


KOI 

0-100 


Na,SOj 

0-0I5 


KSOt 

0-015 


Sodium acetate 

0-130 


Sodium succinate 

0-015 


Sodium benzoate 

0-000 


NH^Cl 

0-100 


CsCl 

0-101 


NaF 

0-181 


KCl 

0-098 

r 

KBr 

0-050 


la 

0-000 


NaNs 

0-045 


NaNOj 

0-015 


Competitor {m/30): 
KjSO^ 

0-045 


(NHd^SO* 

0-047 


Li-SOi 

0-048 


MgSO, 

0-070 


table are of importance for the theory of adsorption 
discussed below. 

Tire 2-naphthylamine-3:6:8-trisulphonic acid was 
used in these studies because its fluorescence m- 
tensity is little changed on adsorption and its 


Table 6. Competitioii of organic ions with 2-7iaphthylamine-3:Q:8-triszilphonic acid (pH 6'7) 

Competitor concn. (Jt x 10”^) 


Competitor 

Sodium galacturonate 
Sodium phenylacetate 
Sodium cyclohexylacetate 
Sodium caprylate 
Octylamine hydrochloride 


Sodium caprylate 


0-205 

0-205 

0-205 

0-205 

0-205 


0-20S 


0-205 

0-162 

0-071 

0 

0-205 


1-5 

Polarization 

0-205 

0-102 

0 

0 

0-205 


Competitor concn. (M x 10 


1 1-5 

Polarization 
0-140 0-067 


3-5 

0-205 

0-000 

0 

0 

0-148 


0-205 

0 

0 

0 

0-095* 


* Attributable to the chloride ion alone. 
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polarization has, therefore, a linear relatiomhip to 
the fraction -which is bound. The next section con- 
siders more generally the changes in fluorescent 
properties and absorption spectra of the dyes. 

Change in fluorescence andabsorption 
spectra on adsorption 

In the previous sections the change in fluorescent 
intensity on adsorption has been mentioned as an 
important factor to be considered in. applying the 
method of the polarization of fluorescence to a study 
of adsorption isotherms. During adsorption there 
are also changes in the absorption spectra of the 
dyes. The changes may be summarized conveniently 
according to the chemical types of the dye mole- 
cules. 

(i) Sulphonic acid derivatives of 1- and 2-napJithyl- 
ainine. The fluorescence of the 2-naphthylamine- 
3;G:8-trisulphonic acid is bright sky blue and is 
slightly quenched -when the dye is on the protein 
without a change in colour. The fluorescences of the 
1-naphthylamine derivatives are greenish yellow in 
aqueous solution and this is also the case with the 
dimothylaminonaphthalene derivative. The fluor- 
escence of all these compounds is increased when 
they are adsorbed on the protein and in most cases 
it is changed to the bright blue of the 2-naphthyl- 
amine compound described above. This change is 
most marked with the relatively weak fluorescence 
of the l-naphthylamine-8-sulphonic acid where a 
20-fold increase in brightness occurs. With the 
stronger fluorescence of the others in this series, 
increases of two or fourfold are observed. The 
change may be due to an increase in the dipole 
moment of the amino group on adsorption, as it is 
known that 2-naphthylamine possesses a higher 
dipole moment than 1-naphthyIamine (Bergmann 
& Woizmann, 1930). Shifts to the red of 80 A. were 
observed in the ultraviolet spectra of the 1-naph- 
thylnmino compounds when adsorbed. 

(ii) Xanthydrol derivatives. The fluoresceins and 
rhodamines tried were all quenched on the protein. 
1* or fluorescein itself the intonsitj' was 0-26 of that of 
the free dj’o. In addition, characteristic shifts in the 
absorpt ion spectrum towards the red occurred. This 
effect was most marked -with the methyl ester of 
fluorescein whore the sharp absorption bands of the 
free and of the adsorbed dj^es are clearly separated 
at tlio maxima, wiiilo the shape and height of the 
cuta-es are hardly altered (Fig. 10). The colours of 
solutions of the adsorbed methyl ester are bright 
pink wliile that of the free dye at alkaline pH is 
orange yellow. Tliis is not an effect of pH, as the 
absorption of the different ionic forms of fluorescein 
moves progrc-ssivoly towards the blue with increased 
acidity. In the enso of oosin the adsorbed dye has a 
moderate adsorption nt the green lino of mercury, 
namely, .'itfiOA. while the free dye absorbs little at 
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this -wavelength. The tubes which contain adsorbed 
material can therefore be distinguished easily as 
they are brightly fluorescent in this light, whereas 
tubes with the free dye alone are by comparison 
practically non-fluorescent. ^ _ 

(iii) Acridine derivatives. Considerable variation 
was found in the behaviour of the fluorescences of 
the acridines when adsorbed. The fluorescence of 
o- 5 -acridylbenzoic acid was quenched to one-tenth 
of its value in solution without change in its ab- 
sorption spectrum. The fluorescence of mepacrine 
increased slightly. 



Fig. 10. Absorption .spectrum of fluorescein methyl ester at 
pH 9 (a) free dye, (b) dye adsorbed on serum albumin or 
cetyltrimethylammonium bromide. 

The relation of the changes in fluorescences and 
absorption spectra to the state of the environment of 
the dyes 

Since the change in the fluorescences and the 
absorption spectra of the dyes is likely to be 
characteristic of some new electronic state due to an 
environment at the site of adsorption different from 
that in water, it was considered likely that a simu- 
lation of these changes in simple physico-chemical 
systems would lead to an imderstanding of the 
nature of the adsorbing region on the protein. Asuit- 
ablo series of dyes was chosen to test this, namely, 
eosin, fluorescein methyl ester, 1-dimethylamino- 
naphthalene-5-sulphonic acid, l-naphthylamine-8- 
sulphonic acid and o-5-acridylbenzoic acid. By trial 
it was found that the kationic detergent, cetyl- 
trimethylammonium bromide (CTAB), gave re- 
actions -with these dyes very similar to those given by 
bomne serum albumin. That adsorption by the 
detergent micelles had occurred was demonstrated 
by sho-n-ing that the detergent in low concentration 
increased the polarization of eosin excited -with the 
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1952 


essence 
(1936). 


A similar view is admitted by Seshan 


green line of the naercimy lamp and of fluorescein vents of non-nolar nature „ 4. . 

excited with the blue lines. laote (1947), using the sugarsolutienand ethanol gavestedieSte ta 
azo-dye methyl orange, has shown a similar parallel red with respect to water, although the refracti ve in- 

tween the effect of protein and of CTAB on the dices and hence the volume-polarizabilities of these 
abso^tion spectrum. The rmg structure of the dye liquids was as high or higher than the benzene and 
which acts as the oscillator (BenehKastler&Rousset, ' ... 

1 940) is likely to be in the micelle rather than adsorbed 
on its surface (Hartley, 1937), and hence in a substan- 
tially organic environment free from water dipoles. 

An important property of the interior of the 
micelle is its low dielectric constant, and in a single- 
phase system the dieloctric constant of the solutions 
of the dyes was lowered by adding dioxan (Akerlof 
& Oliver, 1936) which had been purified by the 



Fig. 11. Effect of dioxan concentration on the absorption 
spectrum of fluorescein methyl ester (from right to left, 
increasing dioxan concentrations from 0 to 90%.) 

Fig. 11a. Shift in the wavelength of the absorption 
maximum with increasing dielectric constant of the 
dioxan-water mixtures. 

method of Oxford (1934). The dyes behaved in a 
way similar to that observed when they were ad- 
sorbed by serum albumin and CTAB, the most 
striking similarities being shown bj’^ fluorescein 
methyl ester, l-naphthylamine-8-sulphonic acid 
and acridylbenzoic acid (Figs. 10-13). The effect of 
solvents of low dielectric constant in imitating the 
effect of serum albumin is such that we could almost 
without exception predict how a given dye would 
change its fluorescence and spectrum from its 
behavioixr in dioxan solution. Evidence that the 
dielectric constant of the medium is the determining 
factor in the changes in spectrmn of the xanthydrol 
compounds may also be obtained from the results of 
Vaillant (1927) for erytluosin, though this author 
does not interpret his results in this way. He found 
that the largest shifts to the red in the spectrum of 
erythrosin were in benzene and ‘essence’, both sol- 




acid. (a) spectrum ofdyeinaqueou3Solution,(6)spectrum 

of dye adsorbed on serum albumin or in 90% dioxan 

solution. 

It may be concluded that the behaviour of the 
fluorescent dyes when adsorbed on to serum albumin 
identifies the site of adsorption with material of low 
dielectric constant. The use of a series of these dyes 
should enable other systems of amphipatliic be- 
haviour to be easily distinguished as has already been 
stated (Sheppard & Geddes, 1945). 

Relation to the work of Dr O. Weber with fluorescent 
groups coupled by chemical reaction with proteins 

Of the dyes used in this paper, two, namely the 
2-naphthylamine-3:6:8-trisulphonic acid and the 
l-dimethylaminonaphthalene-S-sulphonic acid, have 
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eosin excited by Hg 5460 A. where an extrapolation 
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been need by Dr G. Weber as compounds suitable 
for couplingwithproteinsby covalent bondmg. it is 
possible to carry out studies usmg serum albumin 
similar to those of Weber (1952) by ensurmg that all 
the dye is combined with protem and plotting a 
curve of 1/Pj) against T^, where T is the absolute 



eosmexulvcu. — - — * 

of 1 /Pq to T/tj = 0 gives the accepted value lor eosm 
in very viscous solution. The colour of the fluor- 
escence of the serum albumin-sulphonamide con- 
iueate is greenish, blue like the colour of fluorescence 
of the simple sulphonamides in 90% dioxan. 
Digestion of the albumin conjugate with Armour 
crystalline pepsin results in the fluorescence be- 
coming orange like that of the sulphonamides m 
water. Even with native proteins the greenish -blue 
fluorescence of albumin conjugates is not universal 
(Weber, 1952) and the yeflowing of the fluorescence 
of the sulphonamides as the polarity of the medium 
is increased may provide a convenient yardstick 
against which the polarity of the protein surface in 
the neighbourhood of the primary amino groups 
may be estimated. 



Fig. 13. Eflect of dioxan on the absorption spectrum and 
fluorescent intensity of o-5-acridylbenzoic acid, (a) 
spectrum of dye in aqueous solution, (6) spectrum of dye 
in 00% dioxan. 

tempornturo and tj the viscositj’’. The intercept of 
this lino with tlie ordinate gives the value of l/P^ in 
Ibo absence of Brownian movement, and the slope is 
determined by the lifetime of the excited state and 
by t ho size of the protein. In either case the value of 
1/Pjj was found to bo tbo same at 7'/ij = 0 for the 
coujilcd a.s for tbo adsorbed dye. The slope of the 
graph for the adsorbed 1-dimetliylaminonaphtha- 
Icue-S-sulpbonic acid was found to be twice that 
for the coupled sulpbonamido conjugate (Fig. 14). 
Since B'ebor (unpublished observations) has shown 
that tbo lifetime of excited state of the acid in gly- 
cerol is about twice that of the derived sulphon- 
auhde, these results show that the adsorbed dye has 
a fixity in tbo albumin surface comparable with that 
of the coujilod dye. A .similar result is obtained for 
Biocbi'in. lO.V.!, 51 


Fig. 14. Plot of polarization at different temperatures 
according to the Perrin equation for the 1-dimethyl- 
aminonaphthalene-S-sulphonic acid attached to serum 
albumin (a) covalently coupled (Weber’s data), (6) 
adsorbed. 

DISCUSSION 

The evidence presented here and that ohtained by 
other workers leads to the view that there are 
several kinds of physicochemical mechanism 
operating in the process of adsorption on to serum 
albumin. 

It is clear that the charge on the molecule is of 
importance, negative ions being adsorbed in 
preference to positive ions at the sites of adsorption. 
Superimposed on this is a variation in binding de- 
pending on the nature of the ion. It is often sup- 
posed that this effect is due to van der Waals forces 
between the protein and the adsorbed molecule. 
Since, however, for compounds of about the same 
molecular weight, namely, eaprylic acid, cyriohexyl 

12 
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acetic acid and phenyl acetic acid, one obtains 
different degrees of binding with the benzene moiety 
less active than the paratiSn moieties, this does not 
seem to be an adequate hypothesis. 

Any organic molecule may be considered as an 
assembly of polar and of non-polar parts, and in 
aqueous solution the relation of these parts with the 
water will be very different. Non-polar material 
introduced into water produces a separation of the 
strongly bonded water molecules and replaces the 
interaction of water molecules with each other by a 
weaker interaction of water with the non-polar 
substance. Reversal of this process with recombina- 
tion of the separated molecules of water results in a 
hberation of energy which corresponds to the 
energj'- of the surface of the non-polar material in 
solution. The polar parts of the molecule, in con- 
trast, can associate with the water as well as can 
water with itself (Langmuir, 1925) and the adsorp- 
tion of the non-polar part of the organic molecule 
on to or into a non-polar surface, leaving the polar 
parts in the aqueous phase, is therefore accompanied 
by a liberation of energy, since the surface of the 
non-polar material in contact with the water is de- 
creased. 

A semi-quantitative way of stating this is to 
assign to water a dipole TF and to the so-called non- 
polar material a smaller dipole F (Gent, 1948). 
Before adsorption the dipole interaction energy is 
proportional to 2PTF and after adsorption to 
p2 .f jj/i. The change in energy is P^ -f TF^ — 2PTF or 
(TF — P)® which increases as the difference between 
the respective dipoles increases and is always 
positive. 

From the behaviour of the fluorescent dyes when 
adsorbed there is good reason to suppose that 
adsorption does remove the dye from the water to a 
second medium of lower dielectric constant, and so 
it seems plausible to attribute the adsorption in 
great part to a rejection from the water structure 
rather than an attraction by the protein. The con- 
cept of surface energy further accoimts for the 
relatively low activity of a benzene moiety as com- 
pared with a paraffin, since the surface energy of 
benzene in water is less (34 ergs/cm.-) than for a 
paraffin (54 ergs/cm. ^); benzene is more hydro- 
philic than paraffin. As would be expected, galac- 
tmonic acid, although its molecular weight is 
higher than most of the simple competitors included 
in Table 6, is ineffective in competition, as it is 
strongly ‘ hydrophilic and the force of rejection is 
weak. 

In terms of the serum albiunin molecule the 
amino-acid composition of the protein is adequate to 
provide the sort of surface against which these 
forces can act. It is visualized that the region of 
adsorption is one where a local excess of positive 
groupings is backed by a local excess of the hydro- 
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phobic side chains of leucine, valine and other non- 
polar amino-acid residues. Because of the low di- 
electric constant of this microphase the local charge 
is shielded from the general fleld of the protein and is 
not as greatly affected as it would otherwise be by 
variations in the net charge of the protein as a whole 
(Hartley, 1938). To account for the absence of 
corresponding sites of adsorption for positive ions, 
it must be supposed that the negative groups on the 
protein are more diffusely arranged and lack the 
hydrophobic backing which the positive groups 
have. 

For each molecule the extent of adsorption will 
depend both on non-polar forces and attraction of 
negative ions. In the series of naphthylamine- 
sulphonic acids, for example, the addition of a 
sulphonic group will decrease the former and in- 
crease the latter type of interaction, the effect near 
the isoelectric point being to keep the total binding 
of these acids appreciably constant. An additional 
t 3 q)e of force may be important with bromine, 
iodine and the nitro group, both in inorganic ions 
and in organic binding. This could be a polarization 
in the field between the protein and the orientated 
dipoles of water. The low activity of the fluoride ion, 
as compared with the chloride, may be due to its 
increased hydration, keeping it in the aqueous phase 
by means of hydrogen bonding. 

In a recent review Klotz (1949) has described his 
views on the special structiue of the serum albumin 
molecule and has criticized the ideas of Davis (1943). 
The present work supports and extends the ideas of 
Davis and is in disagreement with the views of 
lOotz, as it underlines the importance of the siuface 
active properties of those amino-acids residues 
usually regarded as inert, namely, the leucines, valine, 
etc. Klotz, in contrast, believes the stoicheiometric 
relations of hydroxy amino-acids with the di- 
carboxylic acids to be of paramount importance. 
The correlations given by Klotz are nevertheless 
suggestive, as it is for those proteins where the 
hydroxyl groups are relatively less numerous that 
the hydrophobic backing of charged groups would 
be most easily achieved and the forces described in 
this paper most likely to be active. In view of the 
non-polar natiue of the active surfaces on the protein 
and of the adsorbed molecule the idea of ‘ combined 
water molecules being displaced on adsorption 
(Klotz, 1949) would seem unlikely. 

The results with the dyes used in this work show 
that about 2-4 molecules of dye are adsorbed by 
each molecule of the protein at neutral pH, with the 
exception of eosin where more molecules combine. 
A decrease in the pH increases the number of sites 
available to negative dyes. Bosenfeld & Surgenor 
(1950) have found 2 molecules of ferriprotopor- 
phyrin strongly boimd to the hrnnan serum albumm 
molecule, while Martin ( 1949) has found 3 molecules 
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of bilirubin bound per molecule of albumin. These 
results contrast with the much higher values from 
the dialysis experiments of Klotz (19460) and other 
workers, e.g. Teresi & Luck (1948) (10-25 molecules 
bound per albumin molecule). Klotz (1946b) has 
never reported these high values as a result of his 
spectrophotometric teclmique, and it may be that 
the dialysis technique when applied to higher dye 
concentration includes some type of interaction 
between the dye and the protein unlike that occur- 
ring at lower concentrations and measured by the 
present method. Certainly the low values are more 
in accord with the view that the effect of the positive 
groups is reinforced as described in this paper in a 
few special patches on the protein, while the higher 
values accord better with the view of Klotz that the 
amino groups need only to be freed from hydrogen 
bonding with other amino-acid residues in order to 
be active. The results of a comparison with Weber’s 
work on covalently coupled dyes, discussed above, 
strongly support the idea of a special patch of 
positive groupings as opposed to a general activa- 
tion. 

Whether a similar active region is important in 
cases of interactions of a more specific nature re- 
quires further evidence to decide . It is likely that the 
forces related to surface tension described here play 
a part in all interactions of non-polar material in 
aqueous solution, and the forces of van der Waals 
should therefore not be used indiscriminately to 
account for these interactions. The analogy between 
the electronic state of the dye molecules at the 
protein surface and in organic media should be 
homo ill mind when attempting to formulate a 
theory of onzjnne activation. 

SUMMARY 

1. A method is described for studying quanti- 
tatively the adsorption of fluorescent dyes by 
mncroinolcculcs using measurements of the polariza- 
tion and intensity of the fluorescent light. The 
method is applied to the adsorption of dyes by 
bovine serum albumin. 
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2. The effect of pH on the adsorption is discussed. 
Negatively charged dye ions are adsorbed even when 
the net charge on the protein is negative. A positive 
charge on the dye molecule inliibits combination on 
either side of the isoelectric point. Basic dyes are 
adsorbed as the free base but not as the positive ion. 

3. Free carboxyl, sulphonic, hydroxyl or amino 
groups in the dye are not necessary for combination 
between dye and protein to occur. Bromine atoms 
increase the extent of adsorption. 

4. Addition of related but non-fluorescent com- 
pounds can decrease the adsorption of a fluorescent 
dye by competition. Competition is also found 
between the dye and a variety of simple inorganic 
and organic ions. The activity of univalent negative 
inorganic ions is in the order of the Hofmeister 
series and that of univalent negative organic ions in 
the order of surface activity. Positive ions do not 
compete with the dyes. 

5. Characteristic changes in the absorption 
spectra and in the fluorescence of the dyes occur on 
adsorption. These changes can be reproduced if the 
dyes are adsorbed by cetyltrimethylammonium 
bromide micelles or dissolved in 90 % dioxan. 

6. The significance of these results is discussed 
and a comparison made between the adsorbed dye 
and the dye coupled covalently to serum albumin by 
the methods of Dr G. Weber. It is concluded that 
the results of this work can best be explained by the 
presence in serum albumin of a few regions of surface 
where a local excess of positively charged amino- 
acid residues is backed by residues with non-polar 
side chains. 

I am indebted to Dr G. Weber of this laboratory for initi- 
ating this work, for critical advice during its progress, and 
for making available the apparatus for measurement of 
polarization of fluorescence and many of the organic 
chemicals used. I would also like to thank Dr M. R. J. 
Sultan of the Department of Colloid Science, Cambridge, for 
providing the cetyltrimethylammonium bromide. Dr F. A. 
Isherwood of the Low Temperature Research Station, 
Cambridge, for a gift of purified galacturonic acid and 
Messrs Imperial Chemical Industries Ltd. for the naphthyl- 
aminesulphonio acids. The work was carried out during the 
tenure of a grant from the Medical Research Council. 


REFERENCES 


AUorlof,G.& Oliver, A. (1930). J. Amcr.c/ifm. Soc. 58, 1241 . 
.Albert, .A. A Goklncrc, R. (1943). J. chcm. Soc. p. 454. 
Henel. H.. Knstler, .A. S: Rousset, A. (1940). C.I?, Acad. Set., 
Riri.-!. 2n, ,595. 

Rennhold, H. (1932). Ergrbn. tnn. ilcd. KtiiderTieilfc. 42, 
4 4«>. 

^ '''’‘‘"•“’''"n- A. (1930). Trans. Faraday Soc. 

R^er, R I).. Lum, F. G., Rallou, G. A., Luck. .1. M. & 
^ K>ee. R. G. (1940). .1. hied. Chan. 162, ISl. 

ffWS). Science’ 101, 07. 

Ds' i', R. D. (1943). J. cJiti. Invul. 22, 753. 


Edsall, J. T. (1947). Advanc. Prot. Chcm. 3, 463. 

Edsall, J. T., Edelhoch, H., Lontie, R. & Morrison, P. R. 

(1950). d. Atner. ehem. Soc. 72, 4641. 

Gent, W. L. G. (1948). Quart. Bev. 2, 383. 

GroUman, A. (1925). J. biol. Chem. 64, 141 
de Haan, J. (1922). J. Physiol. 56, 444. 

Hartley, G. S. (1937). Symposium on Wetting and Deter- 
Section of the International Society of 
Leather Trade’s Chemists. 

”'Dh?usrion'’^^^^^'' 31. ‘ Added in 

Klotz, I. M. (1946a). J . Amer. chem. Soc. 68, 1486. 



180 


D. J. R. LAURENCE 


lilotz, I. M. (19466). J. Ainer. chem. Soc. 68, 2299. 

Klotz, I. M. (1947). Chem. Rev. 41, 373. 

Klotz, I. M. (1949). Cold Spr. Hath. Sym. quant. Biol. 14, 97. 
Langmuir, I. (1925). Colloid Symp. Monogr. 3, 48. 

Loeb, J. (1924). Prolehis and the Theory of Colloidal Be- 
haviour. 2nd ed. p. 141. New York: McGraw Hill. 
Martin, N. H. (1949). J. Amer. chem. Soc. 71, 1230. 

O.xford, A. E. (1934). Biochem. J. 28, 1325. 

Perrin, E. (1936). Acta phys. polon. 5, 335. 

Rawson, R. A. (1943). Amer. J. Physiol. 138, 708. 
Rosenfeld, N. & Surgenor, D. M. (1950). J. hiol. Chem. 183, 
663. 


1952 

Scatchard, G., Scheinberg, I. H. & Armstrong, S. H. (1950). 

J. Amer. chem. Soc. 72, 535. 

Seshan, P. K. (1936). Trans. Faraday Soc. 32, 689. 
Sheppard, S. E. & Geddes, A. L. (1945). J. chem. Phys. 13, 
63. 

Smith, W. W. & Smith, H. W. (1938). J. Mol. Chem 124 
107. 

Tanford, C. (1950). J. Amer. chem. Soc. 72, 445. 

Teresi, J. D. & Luck, J. M. (1948). J. Mol. Chem. 174, 653. 
Vaillant, M. P. (1927). J. Phys. Radium. (6), 8, 393. 
Weber, G. (1952). Biochem. J. 51, 155. 

Weigert, F. (1920). Verh. dtsch. phys. Ges. 23, 100. 


APPENDIX 


Derivation of equations 


Formulae (1) are derived as follows: consider a 
solution of dye with fluorescent intensity 1^ and 
polarization Pp to which protein is added. As the 
concentration of protein increases the fraction of 
dye bound to the protein increases. A small addition 
of protein will remove an amount of dye 8a:, of 
fluorescent intensity I^hx, from solution. Attached 
to the protein this amount of dye will have a different 
intensity Aj./o S.a:, say, where may vary during the 
course of a large addition of protein. It will also have 
a polarization Pj, larger than Pp. Wien a fraction x 
of the dye is bound the intensity of the mixture I will 

rx rx 

I = Io- ioda:+ 

Jo Jo 


= 7o^l-a^ + J^A*da:j . 


(i) 


The polarization p is the average for free and 
bound dye weighted according to their respective 
intensities, i.e. 


(l-a;)P^+ PpX^dx 


P = - 


i: 


(ii) 


Axdx 


L-X+ r 
J 0 

With Pp not dependent on x, the integral J” A^dx 
is eliminated from (ii) using (i). Calling 


or 


PjPp — p, T^/Pb — R-j 7/7o~-P5 
_ ( 1 — x) n+P + x— 1 

R ’ 

( 1 — n) X = pR — p + 1 — n. 


(iii) 

(16) 


Equations (1) and (la) are derived from this by 
putting Pj, = n = 0 and P = 1 progressively. 

Formula (2) is based on a simple proportionality 
argument. Formula (4) is derived as follows: 
Suppose the fluorescence is excited by light plane 
polarized at an angle 6 to the axis of observation 
and has a polarization p. The observed intensity I' 
will be the sum of three components, namely, 

P = Jj sin^ 6 + 1 2 cos^ 0 + J^sj (*'9 

where and J, are the intensities of the components 
of fluorescence parallel and perpendicular to the 

exciting vector and so p = ^ — r definition, or 

(1— n) -‘i+Jz 

Jg= — Jj . Unpolarized excitation is equivalent 


(l+P) 


to averaging for all angles 9 or since sin.^ 6 =cos^ 8 =:i; 

I' = ¥i + ¥2 

For excitation perpendicular to the direction of 
observation on the other hand 6= 90°, and 

I=h+h 

Combining (v) and (vi) 


1= 


r 


i—ip 


(4) 
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Following an early recognition that plant starches 
are not homogeneous, extensive work in the last 
decade has established that most plant starches 
contain two main components. The isolation and 
characterization of the components is reviewed 
fully elsewhere (Kerr, 1950) and need not be de- 
scribed here. It is sufficient to say that these 
components, for which the names amylose and 
amylopectin are becoming commonly accepted, are 
readily separated from each other by fractional 
precipitation from aqueous solution with organic 
reagents, and that this difference in solubility and 
in other physical properties is due not to any con- 
siderable difference in chemical composition, but to 
a difference in molecular shape. Thus both com- 
ponents are poljTners of glucose of high molecular 
weight, but amylose has a linear, or at most verj' 
slightly branched structure, while amylopectin has 


provision of pure enzymes, and it was the purpose of 
the present work to obtain phosphorylase and Q- 
enzyme of a sufficient degree of purity. 

Part of the method adopted was based on the 
technique devised at the Harvard Medical School, 
Boston, for the fractionation of blood plasma. In 
this technique precipitation is carried out at low 
temperature, with ethanol, from solutions of suffi- 
ciently low ionic strength for the specific properties 
of the proteins to exert their full effect (Cohn et al. 
1946; Cohn et al. 1950). The separation of Q-enzyme 
by these methods, reported briefly earlier (Gilbert & 
Patrick, 1950), is described in this paper, and the 
separation of phosphorylase is described in the 
following paper. 

METHODS 

Preparatiem of crystalline Q-enzyme. Autumn harvested. 


n very considerably branched structure. 

Amylose is composed essentially of a single chain 
of glucose units joined by a-l;4 bonds. The exact 
structure of amylopectin is not lmo^vn, but the 
available evidence (Halsall, Hirst, Hough & Jones, 
1949) is consistent with the view of Haworth, Hirst 
& Islierwood (1937) of a main chain of glucose units 
linked ns in amylose bj' a-I;4 bonds, but with an 
average of about every twelfth such bond replaced 
by an a-l;6 bond. At each of these positions a side 
chain of about twelve a- 1:4 linked glucose units is 
attached at its reducing end bj’’ an a-l:4 bond. Half 
of the amylopectin molecule is therefore in the form 
of short, side chains. 

Along with the elucidation of the composition of 
starch, some insight was gained into the biological 
origin of its components; amylose was shomi by 
Hanes (lOlOn.l)) to bo formed from glucose-1- 
phosiihato by the action of the plant enzjTno 
jihosphorylnso ; amylopectin was shown by Haworth, 
Ik'nt iV Bourno(1944) to bo formed from amylose 
by (lie plant enzpne, (?-enzj-mo. 

llie sxmthotic polysaccharides prepared in the 
laboratory with these enzymes are likely to prove of 
as-istance in the study of natural starch, and, in 
addition, they can servo as model substances for the 
study of the effect of degree of branching on the 
pm])enies of iioiwuors. Such studies require the 


non-sprouting King Edward potatoes were peeled carefully, 
washed with tap water and sliced. The slices (400 g.), after 
steeping for 0’5 hr. in 500 ml. of Na^SjOj solution (7 g./l.) 
were drained, washed thoroughly with tap water, and 
minced. The juice was pressed from the pulp through fine 
muslin by a hand press, and clarified by centrifuging. About 
100 ml. were usually obtained. Substitution of a blender 
(at 0°) for a mincer improves the yield of juice to about 
200 ml. From this point all operations were carried out in a 
cold room set at -5°, or in a refrigerated centrifuge. A 60% 
(v/v) solution of ethanol containing 0-01 M-disodium hydro- 
gen citrate was prepared for use as a precipitant (50 ml. 
ethanol, 53-7 ml. water). Its pH was adjusted rvithNaOH 
until a pH of 6*0 at 20° was recorded for a portion diluted 
with 5 times its volume of 0-01 il-NaCl. The precipitant was 
cooled to - 5°, and added at a maximum rate of 25 ml./min. 
with thorough but gentle stirring. A further 15 min. were 
allowed for equilibration before centrifuging. The temper- 
ature of the solution to which the precipitant was being 
added was kept about 1° above its freezing point by a re- 
frigerator bath of ethanol. 


me potato puce (100 ml., pH 5-S-6-0) was cooled to 0°, 
avoiding freezing, and 28-2 ml. of 50% ethanol added to 
bring the concentration of ethanol to 11% (at a final tem- 
perature of about -2°). After centrifuging the solution at 
- - the precipitate was discarded and the ethanol concen- 
tration of the supernatant raised to 14-9% by addine 
? ™ ethanol/ml. of supernatant to give precipi- 

r (? ^ error by 

Gillwrt & Patrick (19o0).) The precipitate was separated by 

centrifugation at - 0 °, dissolved at 0° in 60 ml. of citrate 
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buffer (O-OlM-disodium hydrogen citrate, NaOH to pH 6-0), 
and 16 ml. of 60 % ethanol added to give a concentration of 
10-5 % (v/v). The resulting precipitate was discarded, and 
the concentration of ethanol raised to 16 % hy the addition 
of OTl ml. of 60% ethanol/ml. of supernatant as before. 
Precipitate II which formed was dissolved at 0° in 40 ml. of 
O-OlM-citrate solution, pH 6-0, and reprecipitated at -5° 
with 18'9 ml. of 60 % ethanol to give precipitate III. This 
was dissolved at 0° in 6 ml. 0-06M-citrate buffer pH 7-0 and 
the solution freeze-dried to enable the experiment to be 
interrupted at this point. The dried material was later 
reconstituted with 20 ml. water and the ionic strength of the 
solution increased 3-6 units by the addition of 9-3 ml. of 
60 % (w/v) (NH4)2S04 solution (60 g./lOO ml. solution, NH3 
to pH 6-2). After standing for 2 hr. at 0° with frequent 
stirring, the solution was centrifuged at 0° and precipitate 
IV removed. 

Precipitate IV was dissolved at 0° in 10 ml. of (NH4)i.S04 
solution (ionic strength 1-0); (4-4 g./lOO ml., NH3 to 
pH G-2), and the solution Altered first through a IVhatznan 
no. 42 paper under gravity, and then through a sintered- 
glass filter (grade 3) under slight positive pressure. After 
raising the temperature to 10°, 60% (w/v) (NH4)2S04 
solution pH 6-2 (filtered through a glass filter, grade 3) was 
added drop by drop until a faint precipitate appeared (about 
5 ml. were required), after which the precipitate was just 
redissolved by the addition of a few drops of water. The 
solution was then cooled to 0°, and left overnight to crystal- 
lize in a stoppered bottle, Avhich it almost filled to leave a 
minimum of air-liquid surface. The crystals, V, were centri- 
fuged at 0°. Recrystallization was carried out by dissolving 
the crystals in (NH4)2S04 solution, as for precipitate IV, and 
repeating the operation above. 

Analytical methods. Protein N was determined by the 
method of Falconer & Ta3dor ( 1 946). A conversion factor of 
6'26 was adopted arbitrarily to calculate protein. 

The action of Q-enzyme on amylose or starch can be 
followed by sampling and staining with iodine solution. The 
stain becomes progressivety less blue as the reaction proceeds 
(Bourne, Macey & Peat, 1946), and finallj' takes on the hue 
characteristic of amylopectin. This colour change can be 
used for the quantitative estimation of Q-enzyme and for a 
determination of activity/unit weight by applying an 
empirical relation described earlier (Gilbert & Swallow, 
1949) for the rate of decrease of optical density at 6800A. 
It Avas found then that if a non-retrograding ‘ soluble ’ starch 
is used as substrate, the optical density D falls approxi- 
mately exponential^ to its final value Da,, thus simulating 
a first-order reaction. The apparent velocity constant of the 
reaction is proportional to the enz3ane concentration under 
the usual conditions of testing, and therefore the activity of 
the enz3Tne may be expressed by velocity constant/enzyme 
concentration. Da, is an empirical constant Avhich varies 
slightly Ai'ith each preparation of starch, and is only approxi- 
mately equal to the optical density of the products of reaction. 

Q-enzyme activity Avas determined at 20°, using a test 
solution prepared from constituents in the proportion; 

2 vol. enzyme solution, 1 vol. starch solution (10 mg. 

‘ Analar’ soluble starch/ml. of AA'ater), 2 vol. citrate buffer 
solution (0'2M-disodium hydrogen citrate, NaOH such that 
the pH of the test solution Avas 7-0). 0-6 ml. samples Avere 
removed at intervals and stained Avith I 2 (1 mg.)— Kl 
(10 mg.) in a solution of final volume 60 ml. The optical 
density of the samples was measured in 4 cm. cells with a 
Hilger-Spekker Absorptiometer (6800A., Ilford Spectrum 
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Filter no. 608). Log (D - No,) Avas plotted against time, ( 
(mm.), and activities calculated from the slope of the initial 
straight part of the line using the relation 

AoKvily= 

celt ' 

Avhere c is the concentration of the enzyme in the test- 
solution in mg./ml. The units of activity are therefore min.-i 
mg.-i ml. If the concentration of the enzyme Avas not kncAA-n 
or Avas immaterial, the activity of the solution Avas expressed 
as - 2-30 d log (D - Da,)ldt min.“i. 

Velocities of reaction at 10, 20 and 30° were compared 
using samples of solution of the crystallized enzyme pre- 
pared in 0-2M-citrate buffer pH 7’0. The tests Avere carried 
out simultaneously and curves A, B and C in Figs. 3 and 4 
obtained at these respective temperatiu-es. MeanAvhile, since 
<2-enzyme is thermolabile (Barker, Bourne & Peat, 1949), a 
measure of the rate of decay of the enzyme at 30° atos ob- 
tained by keeping two samples of the enzyme solution at 30° 
for 8S and 176 min. respectively before adding starch. The 
velocities of reaction Avere then measured at 30° to give 
curves D and E in Figs. 3 and 4 (p. 184). Control solutions 
Avere kept for similar times at 10°. 

Reducing poAver Avas determined by the method described 
by Barker et al. (1949). The values listed in Table 1 may be 
eompared Avith one another since, under the standard condi- 
tions of testing, the volume of the test solution in each case 
corresponded to M2 times the volume of the potato juice 
from Avhich the added enzyme was derived. 

Phosphorylase Avas determined under approximately the 
conditions found by Green & Stumpf (1942) to lead to pro- 
portionality betAveen enzyme concentration and phosphate 
liberation. A solution consisting of ‘Analar’ soluble starch 
(0-6 ml. 6% solution), 0'6M-oitrate-NaOH buffer, pHG'O 
(0'6ml.) and enzyme solution (1-6 ml.) Avas brought to 
35-6°, and OT M-dipotassium gluoose-l-phosphate (1ml.) 
then added. After 12 min. 6 % trichloroacetic acid (5 ml.) 
AA'as added to the test solution, the precipitated protem 
centrifuged down, and the supernatant analysed for 
inorganic phosphate by the method of Allen (1940). In- 
organic phosphate not due to the action of the enzyme was 
allowed for by running a control solution at the same time in 
AA'hich the enzyme had been inactivated by trichloroacetic 
acid before the addition of gluoose-l-phosphate. 

RESULTS 

Electrophoretic analysis of Q-enzyme prepared by 
precipitation with lead acetate and ammonium sid- 
phate. A sample of enzyme prepared by the method 
described by. Barker et al. (1949) (their fraction ‘Qi ) 
was dialysed for 48 hr. at 0° against O-OlM-ammm 
nium sulphate, which had been brought to an ionic 
strength of 0-1 Avith sodium chloride, and to a pH of 
8-2 with ammonia. Analysis in a large sectional cell 
by the electrophoretic method of Tiselius shoAved 
that the constituent proteins Avere negatively 
charged and that at least six components were 
present (Fig. la). By testing small samples 0 
solution removed from the ascending and descending 
boundaries, it was further shoAvn that Q-enzyme 
activity was associated only with the protein moving 
with the highest mobility. This Avas a very sroa 
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fraction of the whole, oriy crJtauled^oM^e (!o, the concentration of 

The very low mobility of tbo “f ’"^xSmH^oSprcdpitaKin. Boforo onbjocting 

HnpvKvtysuggestedthataconsiderabep 1 nrecinitate HI from the othaTioVftaeUonatiQtv 

TElSfi/— ibS b7=” 

rirj^pt-7;7Sr " ss. :7r«.:Si.ity .01 or #.ico„oo. 



(«) 



(6) (c) 

Fig. 1. (a) Electrophoresis of Q-etizyme prepared by precipitation with lead acetate and ammoniuni sulphate. Ascending 
boundary after 124 min. (b) Electrophoresis of precipitate III. Ascending boundary after 170 min. (c) Electro- 
phoresis of precipitate IV. Ascending boundary after 76 min. 


Ethanol and ammonium sulphate precipitation and 
crystallization of Q -enzyme. The enzyme activity /mg. 
protein/ml., and the yield of enzyme at different 
stages of the preparation of crystalline Q-enzyme 
are given in Table 1. Precipitates are numbered as 
under Methods. The yield is shown relative to pre- 
cipitate I, since a direct determination of the Q- 
enzyme content of untreated juice is not possible 
because of the presence of starch precipitants and 
amylases. The figures are averages of the results of 
several experiments, each carried out with 100 ml. 
of potato juice. The relative yield has usually been 
loss if considerably more juice were taken. 


Taylor (1946). Philpot schlieren photographs 
(Pig. 16), taken after electrophoresis in O'lsr- 
citrate-NaOH solution, pH 7-5, revealed a com- 
ponent of very low mobility representing about 
60 % of the protein of precipitate III, a component 
of intermediate mobility (25%), and a relatively 
fast component (15%). Q -enzyme activity was 
shown to be associated only with the fast com- 
ponent. Precipitate III did not lose any appreciable 
amount of activity during either electrophoresis or 
the preliminary dialysis at 0° for 24 lir. 

The results of the solubility-activity test carried 
out on precipitate III at 0"^ and pH 6*2 in ammo- 


Table 1. Activity and yield at stages in the preparation of erystalline Q-enzyme 


Ppt. 

Activity at 20° 
min.“' mg.'i ml. 

Relative 

yield 

I 

0-04 

1-0 

III 

0-15 

0-9 

lY 

0-40 

0-7 

V 

2-4 

0-7 


Reduciag power 
of test solution 
after 20 hr. as 
apparent 
conversion 
to maltose 
<%) 

12-5 

8-6 

4-7 

1-9 


Phosphorylase 
activity relative to 
potato juice 
(= 1 - 0 ) 

0'05 

0-012 

<0-007 

<0-0016 
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nium sulphate solutions of increasing ionic strength 1-0. At 30° the activij 

are sho-WTi in Fig. 2. Protein began to precipitate at course of the test, a 

an ionic strength of 3*0 from a solution of 0*18 mg. decrease in slope of cu 

N/ml. (Kjeldahl). Simultaneously, the activity of fallen to 40 % of its ini 
the residual solution began to fall, indicating that enzyme that had been 
Q -enzyme was present in the least soluble compo- 
nent. According to Fig. 2, section AB, the protein- 
precipitated had a constant activity/unit weight c 

imtil about 80 % of the activity had been precipi- 2 q.^q ^ ^ 

tated (ionic strength 3*6). A short extrapolation of u 

AF to zero actmty of the solution showed that if the ~ j 

precipitated component could be treated as homo- .2 o*60 - 

geneous the enzjrme activitj'- was associated with a 'o ' 

component representing 34% of the total protein. Q XN 



Q-enzyme activity of solution (min.''x10’) 

Fig. 2. Solubilitj'-activity curve for precipitate III. 

However, in spite of the linearity of AB, this com- 
ponent evidently was not a pure protein since the 
electrophoretic data of Fig. 1 6 had led to a figure of 
15% as a maximum. In conformity with this, 
electrophoretic analysis (pH 7*5, 0*1 Ji-citrate- 

HaOH solution) of the protein precipitated at ionic 
strength 3*6 (Fig. Ic) showed the presence of two 
components which corresponded in mobility to the 
two faster components of Fig. 1 b. There was no sign 
in Fig. 1 c of the slow component in Fig. 1 6, which 
therefore must remain in solution at ionic strength 
3*6. 


1*0. At 30° the activity rapidly decayed during the 
course of the test, as shown by the progressive 
decrease in slope of curve C, and after 120 min. had 
fallen to 40 % of its uutial value. The two samples of 
enzyme that had been kept at 30° in the absence of 


£ (30°) 
D (30°) 




Time (min.) 

Fig. 3. The effect of temperature on the action of 
crystallized Q-enzyme on starch solutions. 



Time (min.) 

Fig. 4. Activity of Q-enzyme. Log (B-Bco) as 
a fimction of time. 


Stability of Q-enzymc. The crystallized enzyme 
does not lose more than 5 % of its activity during 
freeze-drying from O-OoM-citrate-NaOH buffer 
pH7*0 (cf. Barker, Bourne, Wilkinson & Peat, 1950) 
and is then perfectly stable at 0° in the dry state. 
In solution in 0*2M-citrate-]SraOH buffer pH 7-0 the 
activity decaj's to half in 1 1 day's at 0° or in 4 day's 
at 17°. It will be seen in the next paragraph that 
the decay' at 30° is extremely' rapid. 

Effect of temperature on the action of Q-enzyme on 
starch. The relative rates of reaction at 10, 20 and 
30° were calculated from the initial slopes of the 
lines A, B and C respectively' in Fig. 4 to be 0*47, 1*0, 


starch for 88 and 176 min., respectively', before 
being tested, had decayed even more rapidly 
(curves D and E respectively) and retained only 29 
and 6 % of their activity. The solutions kept at 10 
for similar times before the addition of starch 
showed no loss of activity. 

Fresh starch was added to the test solution corre- 
sponding to curve G after it had stood for 3 hr. at 
30° and had cooled slowly to room temperature for 
16 hr. Appreciable activity was stUl present, since 
the optical density of the iodine stain fell from 
0*S4to0*61inl20 min. at 20°, and to 0*42 in 270 min. 
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Activation of Q-enzyme by ions. A suspension of 
crystals of the enzyme in ammoniuin sulphate 
solution -was dissolved in water. The ionic strengt 1 
of the resulting solution was estimated to be 0-017 
by passing a sample through an exchange resin and 
estimating the hydrogen ion produced. The solution 
was diluted to an ionic strength of 0-010, and then, 
as a precaution against suspended enzyme which 
might later be dissolved at higher salt concentra- 
tions, filtered through a Whatman no. 42 paper and 
a G-4 sintered-glass funnel under slight positive 
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luspension of very low yields of Q-enzyme in coinparison 
um sulphate skinned varieties, among which there was little to 

onic streneth choose. 


DISCUSSION 

The original method for preparing Q -enzyme 
(Bourne & Peat, 1945), after modification by 
Barker ct al. (1949), consists of precipitating potato 
juice with lead acetate, dissolving the precipitated 
protein and precipitating the enzyme with ammo- 


n 0-4 sintered-elass tunnel unaer siigm) posnivu r v o , r 

pressure. Samples were then added to equal volumes nium sulphate . Akhough the method has served for 

r- .1 .• -i. .^TT 'T.A TTQT*ir\nQ innip. the characterization of the enz 5 Tno, it is evident 


of solutions of starch at pH 7-0 and various ionic 
strengths equal to or greater than 0-01 (precipitation 
of the enzyme by reduction in salt concentration 
thereby being guarded against), and the corre- 
sponding activities determined. These are given in 
Table 2. Further, to test that the effects were not 
due to suspended enzyme, a portion of the enzyme 
solution of ionic strength 0-01 was diluted with an 
equal volume of ammonium sulphate solution of 
ionic strength 0-01 and the resulting solution tested 
separately for activation, the results being indicated 
by the starred entries in the table. 

Table 2. Activation of Q-enzyme by ions. Activity 
measured in solutions of increasing ionic strength 


the characterization of the enzyme, it is evident 
from the electrophoresis results above that it does 
not differentiate sufficiently between the enzyme 
and the numerous proteins which occur in potato 
juice. Much greater selectivity is attained by pre- 
cipitation at low ionic strength with ethanol (Cohn 
etal. 1946, 1950). The munber of variables available 
in this method make it very suitable for problems 
such as the present one where a minor constituent 
of a mixture of proteins has to be isolated. 

It has to be remembered, however, that ethanol 
quickly inactivates Q-enzyme if certain limits of 
temperature and concentration are exceeded 
(compare the inactivation by ethanol reported by 
Bourne et al. 1945). Even under the conditions 
described above for the preparation, the enzyme 


Ionic strength Activity x lO'^ 
of solution (min.”^) 

0-01 1-7 

0-05 2-9 

0- 26 4-3 

1- 25 6-5 

0- Ol* 1-0 

1- 25* 30 

* Enzyme solution diluted with (NHjljSOi solution 
before testing. See text. 

Dependence of the yield of enzyme on the season and 
on the variety of potato. Difficulty in the preparation 
of Q-enzyme during a certain period of the year was 
noted by Barker et al. (1949). The same trouble was 
also encountered in the present investigation. In 
the middle of March, King Edward potatoes 
harvested in the previous autumn were found to be 
almost devoid of active enz 5 Tn 0 , although 3 weeks 
previously their activity had been normal. This 
change coincided with the beginning of sprouting in 
the potatoes, and at the same time activity due to an 
amylase of lower solubility than Q-enzyme dis- 
appeared. The amydose precipitant also increased 
considerably and the precipitates became oily and 
more difficult to work with. A standard method of 
fractionation could not be devised until fully growm 
potatoes were available in August. 

With the exception of ‘Ninetyfold’ potatoes, all 
the varieties of wliito-skinned potatoes tested gave 


should not be left too long in contact with ethanol, 
e.g. overnight. Ammonimn sulphate solution is 
therefore a better medium than ethanol solution 
from which to attempt crystallization. 

The influence of the season and of the variety of 
potato on enzyme content makes it advisable to 
carry out preliminary experiments before attempt- 
ing a large-scale extraction of a new batch of 
potatoes. It is then possible to decide whether 
sufficient enzyme is present to be worth extraction, 
and whether any slight alterations in the concentra- 
tions of ethanol specified above need be made 
to achieve optimum results with the particular 
batch. 

The enzymic properties of the crystallized enzyme 
resemble those described for the amorphous form in 
the references cited. The ability of the enzyme to 
form reducing groups when incubated with amylose 
is somewhat decreased but still remains, although 
detectable by reducing power measm-ements only 
after long incubation. It is confirmed that Q- 
enzyme is activated by ammonium sulphate as 
described by Gilbert & Swallow (1949). The experi- 
ments were conducted with particular care to 
eliminate any possibility that enzyrme suspended, 
but not dissolved, at low ionic strengths was passing 
into solution at higher ionic strengths and simu- 
lating activation. 

The lability of the enzyme is demonstrated by the 
results obtained for the reaction with starch at 30° 
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(curve C, Fig. 4). It L obvious that for valid com- 
parisons of reaction rate at different temperatures 
the imtial slope of the reaction curve must be ob- 
tained. IVlien this is done it is still fovmd that the 
velocity of reaction reaches a maximiun somewhere 
between 20 and 30° and that an ‘optimum’ tem- 
perature does not result from the onset of inactiva- 
tion. 

The experiments in which Q -enzyme was kept at 
30° for some time before adding starch and testing 
acthuty confirm this lability. Thus in 2 hr. only 
6 % of tlie original activity remained. It is note- 
worthy that the decay of activity at 30° in the 
solution which contained starch throughout was 
much less rapid, a result which suggests that 
starch or its reaction product tends to stabilize 
the enzjTue. 
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SlfiVIMARY 

1. Potato Q-enzyme has been prepared in crystal- 
line form and with high activity by a method in- 
volving precipitation with ethanol at low temper- 
ature and low ionic strength. 

2. Electrophoretic analysis has been used to 
follow the comse of the purification. 

3. Activation of the enzyme by ions has been 
confirmed, and ■ the effect of temperature on the 
activity of the enzyme has been examined. 

The authors are indebted to Prof. M. Stacey, P.E.S., for 
his interest in this work, and to the Eoyal Society and the 
Dunlop Rubber Co. Ltd., for grants for equipment. One of 
them (A. D. P.) wishes to record his thanks to theUniversity 
of Birmingham for the award of an A. E. Hills research 
scholarship. 
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Enzymes of the Potato Concerned in the Synthesis of Starch 

2 . THE SEPARATION OF PHOSPHORYLASE 


By G. a. GILBERT ajnp A. ,D. PATRICK 
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Several accounts have been published of attempts 
to purify the starch pbosphorylase of the potato. 
The original technique of Hanes (1940), in which the 
enzjune was precipitated from potato juice with 


ammonimn sulphate, has been modified by, among 
others. Green & Stumpf (1942), Meyer & do Traz 
(1944), Weibull & Tiselius (1945), Bourne & Pe^ 

(1945) and Barker, Bourne, Wilkinson&Peat(195 )• 
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The degree of purity which can be reached by, those 
methods is probably about 5 %, with respect to pro- 
tein, according to an electrophoretic analysis carried 
outby Weibull &Tiselius ( 1945). The electrophoretic 
analysis wouldnot, however, have differentiated pro- 
teins with the same mobility as the enzjTno, but a 
similar estimate from ultracentrifugation experi- 
ments by these authors lent support to the figuro. 
The protein impurity is probably mostly inert, but 
Barker ciai. (1950) haveshoum that their preparation 
still retains considerable phosphatase activity, and 
that traces of Q-enzjrme and amylases may bo 
present. A threefold greater purification is reported 
by Sumner, Chou & Bever (1950) for the phos- 
phorylase of jack bean after a treatment including 
precipitation from concentrated acetone solution, 
but only a low yield is claimed. 

As described in Part 1 of this series (Gilbert & 
Patrick, 1952), Q-enzyme can bo isolated from 
potato juice in good jdeld, and in satisfactory purity, 
by a method of protein purification developed by 
Cohn et al. (1946) and Cohn ct al. (1950), based on 
fractionation by ethanol precipitation. Green & 
Stumpf (1942) and Meyer & de Traz (1944) concluded 
that ethanol causes complete deactivation of potato 
phosphorylase even at 0°, but in contradiction to 
this conclusion it was found that, under the condi- 
tions adopted for the preparation of Q-enzyme, 
phosphorylase was stable in the presence of con- 
siderable concentrations of ethanol, and could be 
prepared from the ethanol solution remaining after 

6 precipitation of Q-enzyune from potato juice. 

IS residual solution was therefore used as a 
s ar ing material for the following experiments. 


METHODS 

an/u-go/ Precipitated successively at 
paratien concentration as described for the pi 

Ced a^^Tr' “ The supernatant was th 
nddinc n.n»7 ° r “"rentration of ethanol of 17-7 % 1 
(O Olji disodi ™ ethanol-citrate solutii 

to pH G-Ol/ml. 

thorough but rronfl of slow addition ai 

«nioval by cenTit previously deseribed. Aft 
solved at 0° in 20 ml^of 0 of ^ 5 , the preeipitate was d 
‘hen reprecinitlt.^ ? ^“'"hion of pH 6-0 a, 

adding 0-67 ml \ ^ ^ ethanol concentratii 

""•The precSta ; d "^anol-oitrate preoipitar 

"“rate soluS ;h r n 
The powder S , freeze-dried. 

bit frequent stirring fn extracted, with geni 

=«%ethanol.cit^^^^^^^ "t^ -5“ 'vith 25 ml. 

bgationat -5= tte ° After eent 

■^'th stirring for 3o min ° residue was extracted at - 
eontaining O-OU, sod^r f “ %ethanol soluti 
solutln„ .. sodium acetate (HOAc to pH 6-0) 


solution representTnn““‘ '^fOAc to pH 6-0) 

a considerable deereL in' 

“''"'ofthesamemolaritS ^^/''"'^busly used oil 
> )• After centrifugation at 


tho residue, 7i, was o.xtrncted for 30 min. with stirring nt 0“ 
with 50 ml. of freshly prepared sodium ncetntc .solution 
(0-01 M, pH 0-0) containing 0'000ir)7M-zinc acetate. The 
extracted residue, C, was dissolved in 50 ml. of 0-01 M- 
citrato solution of pH G-0 and precipitated at 0° from 22% 
(w/v) (NHj),S04 by tho addition of 0'79 ml. of 50% (w/v) 
{NH^ljSOi (pH to 0-0 with NHj) to each ml. of solution. The 
precipitate was discarded and the supernatant brought to a 
concentration of 35% (w/v) (NH4),S04 by the addition of 
0-S7 ml. of 50% soliition/iiil. to give precipitate D. This 
precipitate was dis.solvcd in 5 ml. of 0-05 M-citrato buffer 
solution of pH G-O and freeze-dried. 

Modijicalion. A higher recovery of the phosphorylase of 
the potato juice was obtained when the concentration of 
ethanol for the initial precipitation of the phosphorylase was 
raised from 17-7 % ethanol to 21 %, and the precipitate then 
washed with 30 ml. of 21% ctlianol solution containing 
0-01 M-oitratc of pH G-O. The effect on the purity of the final 
product has not yet been studied. 

ilcasurcmcnl of cnzymcacti vity. { 1 ) Phosphorylase activity 
was measured by tho method of Green & Stumpf (1942), 
after .slight modification of their conditions, ns described in 
Part 1. Tlie unit used is tho weight in mg. of elementary 
phosphorus produccd/min./ml. of test solution for a con- 
centration of protein in the test solution of 1 mg./ml. 

(2) A portion of tho same solution of precipitate D (in 
0-01 M-citrntc solution, pH C-0) that was tested for its 
phosphorylase activity, was tested for (?-cnzymo and 
ninylnso activity by tho method of Barker, Bourne & Pent 
(1949). Tlie amyloso test solution (14 ml.) contained 0-05 mg. 
protein. Protein N in the solution of D was determined by pre- 
cipitation of the protein with trichloroacetic acid, folio wed by 
washing to remove (NH4)jS04 and Kjoldnhl estimation 
according to Falconer &. Taylor (191G). A factor of C'25 was 
used to convert wciglit of nitrogen to weight of protein. 
Samples of the digest were examined after 2 and 20 hr. 
Control solutions were incubated (c) with water instead of 
enzyme solution, (6) witli water instead of nmylose solution. 

(3) Phosphatase activity' was estimated using, (a) sodium 
gly'cerophosphnto or (6) glucoso-1 -phosphate ns substrate. 

(a) Enzyme solution (5 ml.) was added to 10 ml. of a 
buffer solution containing 0-15 Ji-sodium gly'corophosphate 
and 0-2 M-disodium hydrogen citrate (pH to 6-5 with HaOH), 
and the solution incubated at 20°. A control solution con- 
tained water instead of enzyme solution. Free phosphate in 
these solutions was estimated periodically' by' the method of 
Allen (1940). 

(5) Enzyme solution (12 ml.) was added to a solution pre- 
p.ared from O’l M-glucose-l-phosphate dissolved in 0-5 m- 
citrate-NnOH buffer of pH 6-0 (12 ml.) and 0'1% A.R. 
soluble starch (4 ml.). The test solution was incubated at 
20°. At intervals, 5 ml. samples were withdrawn and tested 
for liberated glucose by the method of Shaffer & Hartmann 
(1921). A known weight of glucose (about 0-2 mg.) was 
added to each 5 ml. sample before this test. 


RESULTS 

The absolute activities of the residues and pre- 
cipitates, lettered as rmder Methods, obtained 
during the course of the fractionation are given in 
Table 1. 
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Table I. Activities of phosphorylase preparations 


Activity 


Preparation 

(mg. P/min./ml./ 
mg. protein/ml.) 

Yield relative 
to ppt. A 

A 

0-15 

1 

B 

0-29 

•0-9 

0 

0-61 

0-7 

D 

0-98 

0-6 





Fig. 1. Electrophoresis of potato phosphorylase after pre- 
cipitation from potato juice with ethanol (precipitate A). 
An arrow indicates the centre of the phosphorylase 
boundary. 
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amylases or Q-enzyme in the phosphorylase pre- 
paration. 

Electrophoresis of precipitate A. Electrophoretic 
analysis of precipitate A was carried out in O-Im- 
sodium citrate-NaOH buffer at pH 7-0 after dialysis 
at 0° for 18 hr. The protein migrated towards the 
anode and was resolved into at least four com- 
ponents during 138 min. (Fig. 1). The fastest of these 
components, which has been indicated by an arrow 
in the figure, represented about 6 % of the total 
protein, the slowest, which hardly moved, about 
60 %. By adjusting the positions of the boundaries 
and sliding the sections of the Tiselius cell, a portion 
of the fast component was isolated in an electro- 
phoretically pure state from the ascending boundary 
(Fig. 2). Wlien tested for phosphorylase activity 
this isolated fraction was found to liberate 0-11 mg. 
phosphorus/ml. of test solution in 12 min. compared 
with 0-0024: mg. liberated by the corresponding 
fraction isolated from the descending boundary 
which had been freed only from this component. The 
fast component therefore contained the whole of the 
phosphorylase. 




I 


Fig. 2. Philpot-schlieren photograph of sectional electro- 
phoresis U-tube, illustrating the separation of the com- 
ponent (arrow) of precipitate A with phosphorylase 
activity (ascending boundary A), and of the components 
without activity (descending boundary B). 

Preparation A contains about 70% of the phos- 
phorylase originally in the potato juice, and about 
20-30 % of the original Q-enzyme. It can be seen 
that precipitate E is about seven times more active 
with respect to unit weight of protein than pre- 
paration A. 

In the test for amylases carried out on precipitate 
D, no increase in reducing power of the amylose 
test solution was detected even after incubation for 
20 hr. The optical density (6800 A.) of the amylose 
solution fell from 1-08 to 1-04: in 20 hr. and in the 
control solution from 1-05 to 1-02. There was thus 
no indication in these tests of the presence of either 



Concentration of zinc ion (mx10’) 


Fig. 3. The residual phosphorylase activity of residue B 
after extraction with dilute solutions of zinc acetate at 
pH 6-0. 

The effect of extraction with zinc acetate solution on 
the phosphorylase activity of residue B. In the course 
of determining whether zinc salts could be used to 
effect any pinification of phosphorylase prepara- 
tions, residue B was extracted with O-OlM-sodium 
acetate solution, pH 6-0 (50 ml.), containing various 
quantities of zinc acetate. Determination was then 
made of the protein content and the activity of the 
extracted residues and of the solutions. It was 
discovered that if the concentration of zinc ion was 
above about 3-3 x IQ-^’m a considerable loss ot 
activity occurred from the residue, but that between 
this concentration and 1-7 x l0“‘‘M-zinc a constant 
decrease of about 20 % took place as illustrate m 
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Fig. 3. After the extraction procedure, only the 
residues were active and no activity was detected m 
any of the zinc solutions. 

In order to throw light on these results, the 
activity of residue B from the stage before the treat- 
ment with zinc was measured in a normal test 
solution and also in a test solution containing 
0'02M-zinc acetate. The rate of liberation of phos- 
phorus proved to be the same, showing that the 
20 % loss in activity was not due to any traces of 
ziac retained in the precipitate during the treatment. 
(The citrate in the test solution prevented precipi- 
tation of the protein by the zinc.) 


POTATO ENZYIMES, 2 

activity was removed {none being detected even 
with 0-0lM-Mg++ in the test solution) during ex- 
traction with 0-000167 M-zinc acetate solution in the 
preparation of residue (7. 

Freeze-drying of precipitate D. At least 92 ^ ot 
the phosphorylase activity of this precipitate was 
retained during freeze -drying from solution in 
0-05M-citrate buffer solution of pH 6-0. These are 
the conditions recommended by Barker et al. { 1950) 
except for the use of a lower salt concentration. 



Fig. 4. The hydrolysis of sodium glycerophosphate by 
partially purified potato phosphorylase (precipitate A). 


In spite of the loss in total activity incurred, it was 
decided to include the zinc treatment in the fraction- 
ation scheme since there was a net increase in 
activity/mg. protein (Table 1). 

Tests for phosphatase. No phosphatase activity 
was detected in any of the precipitates or residues 
when these were incubated with glucose-l-phos- 
phate, and only a normal synthesis of amylose 
occiured, without a measurable release of reducing 
sugar. However, when incubated with glycero- 
phosphate, precipitate A was found to have con- 
siderable phosphatase activity. A solution of the 
precipitate, concentrated 2-5 times with respect to 
the potato juice from which it was derived, caused a 
4-4% hydrolysis of O-lst-sodium glycerophosphate 
to free phospliate in 290 min. This rate of hj’^drolysis 
u ns doubled bj^ the addition of magnesium sulphate 
to 0-01 M. An induction period occurred at the 


DISCUSSION 

Fractional precipitation and extraction of potato 
juice with ethanol, zinc acetate and ammonium 
sulphate has led to the preparation in reasonable 
yield of very active phosphorylase. This would seem 
to have about nine times the activity per unit weight 
of the preparations discussed by Weibull & Tiselius 
(1945). Even so, the electrophoretic analysis of 
precipitate A, and the electrophoretic and ultra- 
centrifugation experiments of Weibull & Tiselius on 
their preparation, suggest that an increase in purity 
of at least twice remains to be achieved. 

The decrease of one-fifth in the activity of phos- 
phorylase during extraction with very dilute solu- 
tions of zinc acetate is not yet understood. It could 
arise from the presence of two rather similar en- 
zymes, only one of which is inactivated by zinc, or 
from the displacement of an essential cation by zinc, 
but it cannot be due simply to the retention of 
traces of zinc by the extracted residue. 

Amylase activity was not detected in the purified 
phosphorylase. The test described, however, cannot 
be regarded as a satisfactory criterion of purity 
for phosphorylase required for studies involving 
amylose of high molecular weight, and it becomes 
desirable to use measurements of molecular weight 
directly to prove complete freedom from amylase. 

STODMABY 

1. Potato phosphorylase has been prepared 
by a method involving precipitation from potato 
juice with ethanol followed by extraction with 
zinc acetate and precipitation with ammonium 
sulphate. 

2. The phosphorylase preparation has an activity 
about nine times greater than that of preparations 
previously described. 

3. No phosphatase, amylase or § -enzyme activity 
has been detected in the product. 

The authors are indebted to Prof. M. Stacey, F.R.S., for 


beginning of the reaction (Fig. 4). . . -j , xu. 

Extraction with 1 1 % ethanol (to give residue B) tT Society and’ the 

removed almost all the phosphatase, only 0-2% ‘ for equipment. One of 

hydrolysis of 0- 1 M-sodium glycerophosphate then of University 
occurring in 240 min. The 
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The Component Acids of the Milk Fat of a Grey Atlantic Seal 

By M. L. MEARA 

Department of Industrial Chemistry, University of Liverpool 
{Received 5 October 1951) 


The milk fats of many land animals are character- 
ized by the presence of fatty acids of lower mole- 
cular weight than those obtaining in their respective 
depot fats. This phenomenon is most marked in the 
case of the milk fats of the ruminants which con- 
tain appreciable amounts, especially when expressed 
as a molar percentage, of the lower even-membered 
saturated acids from butyric to myristic, which are 
either absent or occur only in small amounts in their 
respective depot fats. It is not so pronounced, 
however, in the case of the milk fats of other herbi- 
vora, e.g. horse and ass, wloile sow milk fat has been 
shown (De la Mare & Shorland, 1944) to resemble 
closely that of a normal pig depot fat. The Reichert 
and Polenske values recorded for milk fats of a 
number of other animals (e.g. cat, dog and mouse) 
also indicate the absence therefrom of short-chain 
acids. 

Little, however, is known of the composition of the 
milk fats of marine animals. Klem (1936) has re- 
corded data for various species of whales, and indi- 
cated that the fat content of the milk ranged from 
19 to 46 %, thus far exceeding thatfound in the milk 
of land animals (usually 3—6 %). He also noted that 
the mean unsaturation of the milk fat of a blue whale 
was considerably higher (iodine value 171-8) than 
that of the fat from any other site in the same 
animal (iodine values 94-0-102-8), though these 
latter values are considerably lower than the values 
obtained for fat obtained from the same sites in 
healthy males and non-lactating females of the same 


species (iodine values 120-140). He further showed 
that the blue whale milk fat contained the following 
acids: myristic 8-4, palmitic 16-8, stearic 1-8, un- 
saturated acids Ci 4 1-2 ( — 2-OH), 6-2 ( — 2-OH), 

Ci8 26-8 (-3-3H), Cgo 25-9 (-8-5H), 12-9 

( — 11-OH) % (w/w). Similarly, Schmidt-Nielsen & 
Frog (1933) showed that there are no acids of lower 
molecular weight than lauric acid present in the 
milk fat of the finner whale. 

An opportvmity for further study of the milk fat 
of a marine animal was made possible by the 
kindness of Prof. E. C. Amoroso, Dr S. J. FoIIey, 
F.R.S., and Dr S. J. Rowland, who placed a small 
quantity of the milk of a grey (Atlantic) seal (Rali- 
choerus grypus), caught off the Pembrokeshire coast 
in 1950, at the disposal of this laboratory. 

METHODS AND RESULTS 

The milk was pale cream in colour, of a thick viscous con- 
sistency and had a pronoimoed fishy odour. On extraction 
of 235 g. milk with light petroleum (b.p. 40-60°) (emulsions 
readily broken by addition of ethanol) 118 g. (60-0%, w/w) 
of a pale oil, saponification equivalent 295-9, iodine value 
146-2, imsaponifiable matter 1-5%, was obtained. The fat 
(101 g.) gave 95-2 g. mixed fatty acids, after saponification 
and acidification of the soaps. The steam distillate from the 
mixed fatty acids required 1-8 ml. O-In-KOH to neutralize 
the steam volatile acids, this being equivalent to 0-03 g. 
decanoic acid (or a proportionally smaller amount of the 
lower steam-volatile acids) indicating the virtual absence of 
this group of fatty acids. 
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Component fatty acids of the seal milk fat 

The mixed acids (86-3 g.) were crystallized first from 
acetone at -70°, the deposited acids being subjected to a 
further recrystallization from acetone at this temperature. 
The deposited acids were then crystallized from ether at 
— 40°. In this manner the acids were resolved into three 
fractions consisting of mainly saturated, mainly mono- 
ethenoid and mainly polyethenoid acids respectively, their 
proportions and unsaturation being recorded in Table 1. 

Table 1. Loiu temperature crystallization 
of seal milk fatty acids 
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although the content of botli myristic and stearic 
acids in the milk fat is of the same order as that 
which obtains in the blubber oils of both British 
coastal and Antarctic seals, the milk fat differs 
markedly, in that the palmitic acid content rises to 
about 16% as compared with the more usual 
10-12% in the blubber oils. This increase in the 
palmitic, and therefore in the total saturated acid 
content of the milk fat does not appear to be at the 
expense of any particular unsaturated acid group, if 
the recorded analysis of grey seal blubber fat can be 
considered to be typical for that species. 


GREY SEAL MILK EAT 


Weight 





%of 

Iodine 



(g-) 

total 

value 

A 

Insoluble in ether at - 40° 

16-85 

19-5 

3-4 

B 

Soluble in ether at - 40° 

22-30 

25-8 

87-5 

C 

Soluble in acetone at - 70° 

47-15 

54-7 

234-2 


After methylation, according to the procedure recom- 
mended by Bjarnason & Meara (1944), each group of esters 
was fractionally distilled, the analytical data obtained for 
each ester fraction being recorded in Table 2, together with 
the spectroscopic analysis of the acids recovered from 
fractions B4 and C3. From these results the composition of 
each ester fraction is calculated according to the methods 
adequately described by Hilditch (1947, pp. 498-510) and 
Gupta & Hilditch (1951), and therefrom the composition of 
each group of acids, leading subsequently to the component 
acids of the whole fat (Table 3). 

DISCUSSION 

It is now established that whilst the component 
fatty acids of whale oils vary but little from season 
to season (Armstrong & Allan, 1924; Tveraaen, 
1935; Hilditch & Maddison, 1948), seal blubber oils 
show an abnormally large variation in the pro- 
portions of their component fatty acids (Hilditch & 
Puthak, 1949; Winter & Nunn, 1950a, 6, c). These 
latter authors have shown (19506) that significant 
differences occur, not only in the blubber oils of the 
elephant seals from different localities (Heard 
Island and Macquarie Island), but also in the blubber 
oils of elephant seals caught in the same locality 
(Heard Island) and concluded that the influence of 
any of the three factors, diet, sex and species, was 
not sufficient to accoimt for the observed differences. 

Comparison of the component acids recorded in 
Table 4 shows that no fundamental difference exists 
bctu een the blubber oils of the seals so far reported 
and the seal milk fat, such as occurs between the 
depot and milk fats respectively of the ruminants 
and some other land animal species. 

Titere are, however, notable differences in the 
proportions of the component acids of the seal milk 
fat and the blubber fat of an animal of the same 
species, and indeed differences from the blubber fats 
of all the species of seals so far recorded. Thus, 


Table 2. Fractionation data for seal milk 
ester fractions 



Weight 

Saponification 

Iodine 

Fraction 

(g-) 

equivalent 

value 


Methyl 

esters of acids A 


A\ 

1-40 

245-8 

1-1 

A2 

1-87 

266-8 

0-8 

A3 

2-55 

269-1 

1-0 

A4 

2-60 

269-3 

0-8 

Aa 

3-00 

270-5 

0-5 

A 6 

3-40 

278-0 

0-6 

A7 

2-22 

333-1* 

16-4 

Total 

17-04 

— 



Methyl eaters of acids B 


B1 

1-77 

262-0 

52-8 

B 2 

2-05 

286-0 

78-2 

B3 

2-06 

294-8 

82-3 

B4 

• 2-70 

295-3 

83-7 

B5 

2-59 

295-3 

83-9 

B 6 

2-80 

297-1 

85-5 

B7 

3-19 

297-3 

85-8 

BS 

2-77 

298-7 

86-1 

B9 

2-72 

323-2* 

96-9 

Total 

22-65 

— 

— 


Methyl esters of acids C 


Cl 

1-67 

241-6 

64-2 

C2 

2-31 

263-0 

89-4 

C3 

2-80 

267-5 

98-0 

C4 

3-61 

271-0 

98-2 

05 

4-42 

281-0 

106-7 

06 

6-51 

292-3 

111-6 

C7 

7-01 

302-2 

143-8 

C 8 

6-83 

325-8 

337-6 

C9 

3-57 

334-9 

389-6 

CIO 

3-38 

336-9 

386-9 

Cll 

2-30 

338-2 

376-4 

C 12 

3-47 

363-8* 

233-3 

Total 

47-88 




* Equivalents of esters (freed from unsannnifinWo 
matter): Al, 300-4; B9, 306-7; C12, 3^0 4. 

Spectroscopic analysis of acids recovered from 
fractions B4 and C3 


^ 1 ctt> 232 m^. (unisomerized) 
270 m^z. (unisomerized) 
^icV> 234 m^i. (180°/60 min.) 
268 mp. (170°/15 min.) 

* Neglected. 


Bi 


3* 

1 * 


C3 

5 

1 * 

42 

17 
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Table 3. Component acids in groups A, B, C, and in the whole seal milk fat 


Acid 

Myristic 

Palmitic 

Stearic 

Unsatd. Cj 4 
Unsatd. 
Unsatd. 
Unsatd. 
Unsatd. C 

22 

Unsaponifiable 


A 

(19-6%)* 

%t 

8-7 

71-0 

14-4 

0-1 (- 2 - 0 ) 

0- S {-2-0) 
2-5 (-2-0) 

1- 4 (-2-0) 

1-4 


B 

C 

(25-8%)* 

(54-7%)* 

%t 

%t 

0-9 

1-5 

4-5 

2-2 

0-8 (- 2 - 0 ) 

2-6 (- 2 - 0 ) 

5-3 (-2-0) 

20-3 (-2-2) 

80-3 (-2-0) 

27-8 (-2-7) 

7-6 (-3-7) 

20-5 (-7-2) 

— 

24-4 (-11-2) 

0-6 

0-7 


Total fatty acids 
excluding unsaponifiable 


(%. w/w) 

(% by mol.) 

2-8 

3-4 

16-4 

17-8 

2-8 

2-8 

1-7 (-2-0) 

2-0 

12-7 (-2-2) 

13-9 

36-6 (-2-3) 

36-3 

13-6 (- 6 - 6 ) 

12-4 

13-4 (-11-2) 

■ 11-4 


* Group as % (w/w) of total fat. 
t Component acids as % (w/w) of group. 

Figures in brackets denote mean unsaturated of each group of acids (Hilditch, 1947, p. 23). 


Table 4. Component fatty acid 
Elephant seal 

f 

Macquarie Island 

- -A 

f ^ 

Mature Mature 

male female 


s of seal blubber oils and grey seal milk fat (%, w/w) 


136-4 


153-5 


Heard 

Island 

mature 

male 

114-8 


Leopard 

seal, 

Heard 

Island 

mature 

male 

130-7 


4-0 

7-4 

1-6 

0-2 

2-1 

12-7 

42-3 

.17-3 

12-4 


- 2-0 

- 2-1 

- 2-2 

-4-6 

-9-4 


Common seal, 
Norfolk coast 


Grey Atlantic seal, 
Pembroke coast 


Suckling 

Yearling 

Blubber 

Itlilk 

female 

male 

fat 

fat 

140-4 

145-4 

162-2 

146-2 

2-4 

2-2 

3-7 

2-8 

10-3 

10-6 

10-5 

16-4 

2-5 

4-4 

2-0 

2-8 

0-3 

0-3 

— 

.>- 

2-9 

2-2 

1-6 

1-7 

25-7 

20-8 

15-5 

12-7 

32-6 

33-7 

30-8 

36-6 

12-1 

13-6 

16-5 

13-6 

11-2 

12-2 

18-1 

13-4 

— 

— 

1-3 


- 2-0 

- 2-0 

- 2-0 

- 2-0 

- 2-1 

- 2-2 

- 2-2 

- 2-2 

-2-7 

-2-4 

-2-7 

-2-3 

-5-9 

-7-2 

-5-7 

- 6-6 

- 11-0 

- 11-0 

- 10-6 

- 11-2 



— 

- 11-0 

— 


Iodine value of oil 


Acid: 


Laurie 

0-3 

0-1 



Myristic 

5-2 

4-4 

3-4 

Palmitic 

11-4 

11-5 

9-6 

Stearic 

2-4 

2-4 

2-5 

Araohidio 

— 

— 

0-3 

Unsatd. Cjj 

1-7 

1-3 

1-2 

Unsatd. Cjc 

14-5 

13-0 

10-5 

Unsatd. Cjs 

35-1 

33-0 

39-8 

Unsatd. Cgg 

18-8 

20-6 

18-0 

Unsatd. G 22 

10-6 

13-7 

14-7 

Unsatd. C 24 

— 

— 

— 

ean unsaturation of: 

Unsatd. C 14 

- 2-0 

- 2-0 

- 2-0 

Unsatd. Cu 

- 2-1 

- 2-1 

- 2-1 

Unsatd. Cu 

-2-7 

-2-4 

- 2-2 

Unsatd. Cjg 

-5-4 

-5-9 

-4-0 

Unsatd. Cjj 

- 10-0 

- 10-8 

-7-4 

Unsatd. Cj, 

— 

— 

— 


Although there is considerable variation in the 
amounts of the unsaturated acids of the various 
blubber oils, the grey seal milk fat does not conform 
to any type so far examined. Thus the Cje unsatur- 
ated acids more nearly resemble those of the blubber 
fats of the Antarctic seals rather than those from 
British coastal -waters, -whereas curiously, -with the 
exception of leopard seal blubber, the Cjg unsatur- 
ated acid content of the milk fat sho-ws the least 
resemblance to that of the grey seal blubber fat. 
Again, although there is no correlation beWeen the 
C 20 unsaturated acids -with those of the Antarctic 
species, the milk fat much more nearly resembles 
those values recorded for the blubber of the common 
seal than that of the grey seal, this latter observation 
also holding true for the Cjo unsatruated acids. 


It appears, therefore, that although they are 
broadly similar there may be no simple correlation 
bet-ween the milk fat of the grey seal and that of its 
blubber fat, neither does any correlation exist -u’ith 
the blubber fat of other species so far examined. 

A further point of interest lies in the fact that the 
grey seal milk fat is considerably less unsaturated 
(iodine value 146-2) than that recorded for grey seal 
blubber oil (iodine value 162-2). In this respect seals 
might seem to differ entirely from -whales, since the 
milk fat of a blue -whale -ivas found to be more un- 
saturated than that of the fat from any other site in 
the body of the same animal. 

Clearly much more information is necessary 
before the apparent abnormalities of seal oils are 
imderstood, and to that end it is hoped that in the 
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near future an opportunity may be afforded of 
studyingtbeblubber and milkfats of a seal at varioios 
stages during lactation, and also the blubber fat o 
tbe calf. 

SUMMARY 

1. Grey (Atlantic) seal (Halichoerus grypus) milk 
resembles whale milk in that its fat content is of the 
order of ten times that found in the milks of land 
animals. 

2. The composition of seal milk fat has been 
investigated: it contains only those acids which 
occur in its blubber fat. 


3. Qualitatively grey seal milk fat resembles 
that of the blubber oil of the same and of a number 
of other species, notable differences, however, 
occurring in the proportions of palmitic and un- 
saturated acids. 

4. Grey seal milk fat is relatively more saturated 
than that of the blubber oil in contradistinction to 
that of the blue whale, for which the reverse holds 
true. 

The author wishes to thank Prof. Amoroso and DrFolley, 
F.R.S., for placing the specimen,,which was procured during 
an expedition financed by the trustees of the Percy Sladen 
Ihind, at his disposal, and Prof. T. P. Hilditoh, P.R.S., for 
his keen interest in this investigation. 
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The Liberation of Chloride Ions from Organic Ghloro Compounds 

by Tissue Extracts 


By H. G. bray, W. V. THORPE and D. K. VALLANCE 
Department of Physiology, Medical School, University of Birmingham] 

(Received 22 September 1951) 


There liave been several reports of the liberation of 
chloride ions from organic chloro compounds. 
Liobreich (1869), who introduced chloral hydrate as 
a hypnotic, stated that this compound was in part 
excreted as inorganic chloride. This was disputed by 
von Mering & Musculus (1875), von Mering (1882) 
nndKiilz (1882) who found that chloral hydrate was 
eliminated by man and dogs as vuochloralic acid 
(trichlorocthyl-^-giucuronide). Kast (1887) failed 
to find an increased chloride excretion after ad- 
inini.stration of chloral hydrate to dogs, although he 
observed that chloride excretion was considerably 
increased after chloroform anaesthesia. Tlje increase 
in man was slight. IVillstiitter, Straub & Hauptmann 
(1922) detected only small amounts of urocliloralic 
acid in urine when therapeutic doses of chloral 
hydrate were given to man or rabbits. They main- 
tained that urocliloralic acid was formed when large 
doses were given, but that chloral was broken down 
lliocbcm. 1952, 51 


mainly to inorganic constituents when therapeutic 
doses were given. The only metabolic product de- 
tected in urine after giving trichlorourethane to man, 
rabbits or dogs was inorganic chloride. Akamatsu & 
Wasmuth (1923), using rabbits, showed that even 
after large doses of chloral hydrate no more than half 
could be accounted for as urochloralic acid. More 
recently Heppel & Porterfield (1948) claimed the 
discovery of an enzyme in rat liver, kidney and 
spleen which liberated halide ions from halogenated 
aliphatic hydrocarbons. 


uii fct iiuiuuer 01 Cnloro- 

compounds were being undertaken in this laboratory 
it was desirable to confirm the existence of an en- 
zyme such as that claimed by Heppel & Porterfield 
especially as these workers did not appear to have 
considered the possibility of chloride ions being 
liberated as a result of interaction between chloro 
compounds and SH compounds. Several instances 


13 



194 


H. G. BRAY, W. V. THORPE AND D; K. VALLANCE 


of reaction between halogen compomids and SH 
compounds according to the general scheme 

R.SH + R'.C1->R.S.R' + H+ + C1- 

have been reported, e.g. halogenated lachrymators 
(Dixon, 1950), halogenated acetic acids (Dickens, 
1933; Bapkine, 1933; Quastel, 1933; Michaelis & 
Schubert, 1934), lewisite and 2:3-dimercapto- 
propanol (Thompson, 1950), formation of benzyl 
mercapturic aeid from benzyl chloride in the rabbit 
(Stekol, 1939). The work here reported describes a 
preliminary investigation of the liberation of 
chloride ions from 29 chloro compotmds, and a 
more detailed study of the effect of SH compounds 
upon the liberation of chloride ions from three of 
those compounds. 

METHODS 

Materials. The chloro compounds were all purchased 
(British Drug Houses Ltd.). DL-Cysteine hydrochloride and 
L-cystine (British Drug Houses Ltd. and Light and Co. Ltd.) 
were used. Glutathione was obtained from Roche Products 
Ltd. and The Distillers Co. Ltd. A phosphate buffer, 
pH 6-8 (equal vol. Na 2 HP 04 and NaHjPOj, , 0-2 isr), was used 
unless otherwise stated. The phosphoric-tungstic acid 
solution was prepared by dissolving 6 g. NaoW 04 . 2 H ,0 in 
1 1. 0-15M-H3PO4. 

Extracts. The animal was killed by a sharp blow on the 
back of the neck and immediately bled. The liver was 
removed, weighed and ground with aoid-washed sand 
(British Drug Houses Ltd.) and water (l'5xthe original 
weight). The resulting brei was centrifuged and the super- 
natant liquid decanted and used immediately. 

Digests. NaCl(55 mg./lOO ml.) was dissolved in phosphate 
buffer to ensure that the concentration of Cl“ in the final 
digest was not less than 3 mM. Chloro compoimd,togivethe 
required final concentration (usually 0-024 m), was added to 
a mixture of the buSer (15 ml.) and extract (10 ml.). Three 
drops of toluene were added as preservative. (Control 
experiments had shown that, up to 7 hr., toluene had no 
significant effect upon the liberation of Cl“.) Chloro com- 
pounds insoluble in the mixture were dissolved in ethanol 
(2-5 ml.) and the volume of buffer reduced to 12-5 ml. As 
will be seen later, ethanol causes slight inhibition of the 
liberation of Cl~ from chloral hydrate. The digests were 
incubated at 37-4° in stoppered flasks. Control solutions 
were ; (a) the digest wdth the extract replaced by a solution of 
NaCl (70 mg./lOO ml.), and (b) the digest without chloro 
compound. The first gave a measure of the spontaneous 
liberation of Cl”. A control with boiled extract was not used 
for the reason stated below. The usual concentration of SH 
compounds was 0-02 m and when these were used, control 
digests without chloro compound were set up to give some 
indication of the extent of loss of SH-groups due'to atmo- 
spheric oxidation, since it was impracticable to cany out the 
digestions, -withdrawal of samples and analyses in an atmo- 
sphere of Nj. 

Estimation of chloride ions. The method finally adopted 
was essentially a modification of that described by Van 
Slyke & Hiller (1946), which was efiective -with concentra- 
tions of Cl” over 3 max. Digest (2 ml.) was thoroughly mixed 
with phosphoric-txmgstic solution (5 ml.) and AglOj 
(60 mg.) and centrifuged. The supernatant liquid was 
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separated, filtered and titrated (2 ml. portions with starch 
as indicator) against 0-01 x-NasSjOj) immediately after 
addition of 200 mg. Nal. This method gave good results in 
the absence of tissue extracts, but recovery of added Ch 
tended to be low by up to 5 % in the presence of extracts. The 
complete liberation of one Cl atom from 1 mol. substrate 
■under the above conditions should cause an increase in 
titre of 8-21 ml. NajSjOa. Calculations have been based 
upon the assumption that this titre represents 100% 
liberation of Cl”. Values significantly greater than 100% 
thus indicate the liberation of more than one Cl atom/mol. 
substrate. Under the conditions used, added SH com- 
pounds did not interfere, provided that titrations were 
carried out within 20 min. of the addition of AglOj. In some 
experiments the results by this method were confirmed by a 
polarographic method based upon that of Zimmerman & 
La 5 rton (1949). For these, trichloroacetic acid solution 
(6 %, w/v) was used in place of the phosphoric-tungstic acid 
solution. 

Estimation o/SH content. The method was based on those 
of King, Baumgartner & Page (1930), Ktihnau (1931) and 
Lucas & King (1932). Digest (2-5 ml. according to SH con- 
tent) was added to trichloroacetic acid (10%, w/v) to give 
total vol. 20 ml. The protein precipitated was removed by 
centrifugation (1 min. at 3000 rev./min.) followed by filtra- 
tion. Filtrate (10 ml.) was cooled to 0° and mixed with 1 ml. 
ICI (10 %w/v) and 3 ml. 0-01 N-Ij. Excess Ij was titrated with 
0-002 N-Na 2 S 203 using starch as indicator. The consump- 
tion was referred to calibration curves from which the SH 
content was calculated. Calibration curves were prepared 
from buffered (pH 6-8) NaCl solution of the SH compounds 
concerned in concentrations up to 0-026 m. Glutathione 
(0-006 m) was used for the calibration curve when cystine 
was added to digests. Confirmation of the presence and 
disappearance of SH groups was obtained by the nitro- 
prusside test (Hopkins, 1921). 

Estimation of urease. The method was essentially that of 
Marshall (1913), using urease tablets (British Drug Houses 
Ltd.) as the source of urease. 

Estimation of papain. The milk-clotting method of Balls & 
Hoover (1937) was modified by mixing the enzyme -with 
buffer (pH 4-6) and using fresh cow’s milk (10 ml.) in place 
of the dried-mUk solution. 

RESULTS 

Chloral hydrate and trichloroacetamide 
Chloral hydrate ( 2 : 2 : 2 -trichloro-l:l-dihydroxy- 
ethane) and trichloroacetamide -were selected as 
substrates for the initial experiments. The former 
liberates chloride ions spontaneously, but the latter 
is stable in solution at pH 6-8 in the absence of liver 
extract. 

Activity of liver extracts of various species. Digests 
were prepared with extracts of rabbit, guinea pig 
and rat liver. Owing to the small size, rat-liver 
extract was made with 2-5 parts water. The digests 
were incubated for 24 hr., samples being -withdrawn 
at intervals. The results are shown in Table 1, whic 
also shows the extent of the spontaneous liberation 
of chloride ions from chloral hydrate. Trichloro- 
acetamide digests included ethanol (10%, v/v). 
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Table 1. Uheration oj chloride ions from chloral hydrate and trichloroacetamide caused by liver extracts 
(Substrates 0.024 m, pH 6-8. Results expressed as the percentage of 1 Cl/mol. Ranges are given in parentheses belovr the 


average values.) 

Source of 
liver extract 


No. of 
samples 
tested 


Percentage of chloride liberated 


1 hr. 


2 hr. 


4 hr. 


10 hr. 


24 hr. 


Rabbit 
Guinea pig 
Rat 
None 


Chloral hydrate 


19 

2-9 

(1.0-5.2) 

4-7 

(2.1-7.3) 

6 

2-7 

(1.2-4.1) 

4-8 

(2-3-6.7) 

6 

1-1 

(0.8-1.4) 

1-7 

(1.4-2.3) 

7 

0-2 

(0.2-0.3) 

0-4 

(0.3-4).5) 


7-2 

11-5 

14-9 

(4.1-9.7) 

(7.2-16-1) 

(9-8-20-7) 

8-0 

13-9 

18-0 

(4.5-10.1) 

(9-3-16-3) 

(13-0-19-9) 

2-8 

4-9 

6-7 

(2-3-3-9) 

(3-9-6-9) 

(4-8-9-2) 

0-8 

1-9 

4-6 

(0-7-0-9) 

(1-5-2-2) 

(3-5-5-4) 


Rabbit 


6 


Trichloroacetamide 

1-2 2-4 4-4 

(O-O-l-S) (l-V-S-O) (2.9-5.5) 


9-1 13-1 

(5.2-11.6) (V-S-IO-S) 


Effect of pH. Digests with chloral hydrate were 
made up with phosphate buffer of pH varying from 
6-2 to 8-0. Liberation of chloride ions in the former 
was small, but an increased liberation at pH 8-0 was 
largely due to spontaneous decomposition of the 
chloral hydrate. Results from a typical experiment 


ment with chloral hydrate are shown in Fig. 2 and 
similar results were obtained with trichloroacet- 
amide in digests including ethanol (10%, v/v). 
Digests which liberated 8 % chloride after 24 hr, 
with imboiled extract, liberated 6 % when the 
extract had been previously boiled. 



0 5 10 15 20 25 


Time (hr.) 

g. 1 . The effect of pH upon the liberation of chloride ions 
from chloral hydrate (0-024m) by rabbit-liver extract 
(unbroken lines). Spontaneous liberation of chloride ions 
m absence of extract shorvn by broken lines. 


•0 showTi in Fig. 1. It is clear that the pH (6-8 
' ccted for routine use is one at which liver extrac 
mses appreciable liberation of chloride ions, whils 
10 extent of spontaneous decomposition is low. 

Effect of boiling. Controls with boiled extract 
•ere not used, since the extracts showed considej 
b o activity even after boiling 1 hr. under reflm 
I ho congulum formed on boiling was finely groun 
oforo incubation.) The results of a tjTiical ^-per 





y to iiiicoy duu. Ui Uiaiy 

(broken lines) upon the chloride-liberating activity 
rabbit-liver extract. Substrate, chloral hydrate (0-024 
at pH 6-8. Curve A, digest with imtreated e.xtra 
Curve B, digest with the e.xtract previously boiled 1 ] 
C, spontaneous liberation of chloride ions fre 
cWoral hydrate. Curve D, digest with another untreat 
ertract Curve E, digest with this extract previous 
dialysed 20 hr. agamst running water. 


uj uiu.ysis. Jixtracts were dialysed aeai 
™g water for 20 hr. and their activity cJ 
p red with that of the original extract which I 
been kept at the same temperature. In every c 
some loss of activity was observed, but the dilly. 


13-2 
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extract always retained some activity. The results of 
an experiment with chloral hydrate are shown in 
Pig. 2. Similar results were obtained with tri- 
chloroacetamide, about half of the chloride- 
liberating activity of the extract being retained 
after dialysis. 


1952 

Effect of ethanol. Since many of the ehloro 
compoimds used were sparingly soluble in the. 
absence of ethanol, the effect of the addition of 
ethanol to chloral hydrate digests was examined. 
It is clear from Table 2 that the inclusion of ethanol 
(10% of total vol.) caused some inhibition of the 


Table 2. Liberation of chloride ions from chloral hydrate caused by rabbit-liver extracts 
uxiih and without the addition of ethanol 

(Chloral hydrate 0-02iM, ethanol 10% of total volume, pH 6-8. Results expressed as the percentage of 1 Cl/mol. Ranges 
are given in parentheses below the average values.) 


No. of 

* SflTTinlftR 


Percentage 

of chloride liberated 

A 


Digest 

tested 

Ihr. 

2 hr. 

4 hr. 

10 hr. 

24 hr. 

Extract - 1 - chloral hydrate 

7 

3-1 

5-1 

8-1 

13-2 

17-3 



(2-1-4-1) 

(3-8-6-1) 

(6-3-9-2) 

(9-9-16-1) 

(13-6-20'7) 

Extract + chloral 

8 

2-6 

4-2 

6'5 

10-2 

13-0 

hydrate ethanol 


(1-1-4-2) 

(2-1-6-5) 

(3-7-9-4) 

(6-3-14-1) 

(9-4-17-9) 

Chloral hydrate 

7 

0-2 

0-4 

0-8 

1-9 

4-6 



(0-2-0'3) 

(0-3-0-5) 

(0-7-0-9) 

(1-5-2-2) 

(3-5-54) 

Chloral hydrate -f ethanol 

4 

0-2 

0-4 

0-8 

1-9 

4-6 



(aU 0-2) 

(0-3-0-5) 

(0-7-0-9) 

(1-7-2-1) 

{4-0-5’0) 


Table 3. Liberation of chloride ions from various ehloro compounds by rabbit-liver extracts 
(Substrates normally 0'024 m in 10% ethanol, pH 6-8. Results expressed as a percentage of 1 Cl/mol.) 

Percentage of chloride liberated 

- - — ^ — 

With extract Without extract 

-- _>■ - - ^ ■■ 


Substrate 

1 hr. 

2 hr. 

4 hr. 

Chloroform 

0-6 

M 

2-0 

Benzyl chloride 

9-3 

14-8 

220 

Benzotrichloride 

23-5 

38-1 

62-5 

Ethylene dichloride 

0-0 

00 

01 

(1:2-Diohloroethane)* 

1 :1 :2:2-TetrachIorethane 

0-7 

1-3 

2-4 

Pentachloroethane 

2-0 

3-7 

6-7 

Hexachloroethane 

2-3 

4-1 

7-0 

Trichloroethylene 

0-0 

0-1 

0-2 

Ethylene chlorohydrin 

0-3 

0-5 

0-8 

(2-Chloroethanol)t 

Trichloroacetic acidfl 

1-1 

1-8 

3-0 

Trichloroacetamide 

1-4 

2-8 

5-3 

Chloral hydratef 

4-1 

5-9 

8-1 

Chloralose 

1-1 

2-2 

41 

oi-Chloroacetophenone 

4-5 

7-5 

13-0 

l:2-Dichloropropane 

0-2 

0-4 

0-6 

1-Chloropropionic acidf} 

1-1 

1-9 

2-9 

2-Chloropropionio acidf j 

2-3 

3-7 

5-6 

l;3-DichIoroacetonet 

40-8 

52-7 

70-0 

Chloretone 

0-9 

1-6 

2-8 

Butyl chloral hydrate 

13-1 

25-3 

361 

jsoAmy] chloride^ 

0-1 

0-2 

0-2 

( l-Chloro-3-methylbutane) 

Chlorobenzene 

0-5 

0-6 

0-9 

y)-Dichlorobenzene 

0-9 

1-4 

1-9 

o-Chlorobenzoic acidff 

0-4 

0-6 

0-8 

7n-Chlorobenzoic acidft 

1-1 

1-9 

2-5 

p-Chlorobenzoio acidtf 

0-8 

1-3 

1-7 

o-Chlorobenzamide 

0-3 

0-5 

0-9 

«i-Chlorobenzamide 

0-1 

0-2 

0-3 

p-Chlorobenzamide 

0-3 

0-5 

0-9 

♦ 0-03611. 

f Substrate made 

up with 1 equiv. 

NaHCO: 


10 hr. 

24 hr. 

1 hr. 

2 hr. 

4 hr. 

10 hr. 

24 hr. 

3-9 

6-4 

0-0 

0-1 

0-2 

0-4 

1-2 

35-1 

52-8 

4-6 

8-4 

14-3 

26-2 

46-9 

120-2 

103-1 

28-7 

46-9 

71-9 

108-0 

159-8 

0-3 

0-8 



None 



5-4 

12-6 

0-2 

0-4 

0-8 

2-1 

5-2 

16-1 

31-9 

M 

2-1 

3-8 

7-1 

13-0 

13-5 

23-3 



None 



0-6 

1-1 



None 



1-4 

2-3 

0-0 

0-1 

0-2 

0-6 

1-2 

4-9 

6-9 



None 



11-0 

16-8 



None 



12-3 

15-0 

0-2 

0-4 

0-8 

1-9 

4-6 

7-9 

11-3 



None 



25-1 

43-2 

0-1 

0-2 

0-4 

1-1 

2-0 

1 1 

1-3 

2-0 

0-0 

0-1 

0-2 

0-5 , 

1*1 

4-6 

6-2 

O-I 

0-2 

0-4 

0-9 

2*1 

9-0 

11-6 

0-4 

0-8 

1-6 

4-1 

9*0 

101-5 

127-8 

9-9 

19-7 

40-0 

85-6 

130-1 

6-2 

13-3 

0-1 

0-2 

0-4 

0-9 

J K 

45-9 

49-6 

0-2 

0-4 

0-7 

1-9 

4*u 

0-3 

0-4 



None 



1-4 

1-9 



None 



2-3 

2-8 



None 



1-3 

1-5 



None 



3-1 

3-3 



None 



2-0 

2-1 



None 



1-7 

2-7 



None 



0-8 

1-6 



None 



1-7 

2-8 



None 




f Digests did not contain ethanol. 
§ 0-072M. 
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liberation of chloride ions, although it had no 
effect upon the spontaneous decomposition ot 
chloral hydrate. 

Other chloro compounds 

Rabbit-liver extract was used in the examination 
of twenty-seven other chloro compounds. In every 
experiment a digest with chloral hydrate was used 
to confirm the activity of the liver extract. Typical 
results for each of the twenty -nine compounds used 
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hydrate upon guinea pigs and rats. Six animals were 
given thirteen injections of chloral hydrate (25 mg.) 
subcutaneously on alternate days. The animals 
were then killed and the activity of the livers com- 
pared with those of six animals kept as coiitrols. The 
activity of the livers of the treated animals was 
slightly less than those of the control animals. In 
no experiment was increased activity observed. 
A typical experiment with guinea pigs (350-450 g. 
body weight) is shown in Table 4. 
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Table 4. Effect of previous injection of guinea pigs with chloral hydrate upon the liberation of chloride ions 
from chloral hydrate caused by extracts of their livers 


(Substrates 0'024 m, pH 6-8. Results expressed as percentage of 1 Cl/mol. Ranges are given in parentheses 
average values. There v.ere six animals in each group.) 

“A — — — 


Source of 
liver extract 

Iht. 

2 hr. 

4 hr. 

10 hr. 

24 hr. 

Injected animal 

2-6 

(1.4^.4) 

4-2 

{2-6-61) 

6-5 

(4-6-8-7) 

11-0 

(8-5-13-8) 

15-3 

(U-7-18-6) 

Untreated animals 

2-7 

4-8 

8-0 

13-9 

18-0 

(1-2-4-1) 

(2-3-6-7) 

(4-5-10-1) 

(9-3-16-3) 

(13-0-19-9) 


below the 


are given in Table 3. It is clear that the extent of 
liberation of chloride ions by liver extract is not 
directly related to the ease of spontaneous liberation 
of chloride ions from a compound. Hexachloto- 
ethane, trichloroacetamide and chloralose (1- 
(2': 2': 2'- trichloro - I'-hydroxyethyl) - 1;6 - anhydro- 
gluoopyranoso), yield a considerable percentage of 
their chlorine as ions with tissue extract but none 
spontaneously. Some compounds, butylchloral 
hydrate (2:2:3-trichloro-l:l-dihydroxybutane), to- 
chloroacetophenone, chloral hydrate and chloretone 
(1:1:1 -trichloro-2-hydroxy-2-methylpropane), yield 
small amounts of chloride ions spontaneously but 
much more in the presence of tissue extract. Other 
compounds which readily liberate considerable 
amounts of chloride spontaneously, benzyl chloride, 
benzotrichloride (<o-trichlorotoluene), and penta- 
chloroethano, liberate still more with tissue extract. 
l:3-Dichloroacetone, which liberates more than half 
its chlorine as ions spontaneously, does not liberate 
any more after 24 hr. in the presence of liver extract, 
although the extract accelerates the initial liberation 
of chloride ions. Several compounds, including 
those in which chlorine is directly attached to the 
benzene ring, liberate no significant amount of 
cliloridc oitlier spontaneously or with liver extract. 

Activity of liver extracts after repeated 
injection of chloral hydrate 

Heppel & Porterfield (1948) observed that the 
livers of rats which had been repeatedly exposed to 
an ntmosphero containing bromochloromethane 
caused a greater increase in liberation of bromide 
ions than the livers of imtreated animals. Ex-peri- 
incnts with this object were carried out w'ith chloral 


Experiments with SH compounds 


When chloral hydrate is incubated with liver 
extract there is in addition to the liberation of 
chloride ions, a loss in the SH content of the digest. 
This can be seen from the results recorded in Table 6 
which gives the liberation of chloride ions and the 
loss of SH in m-equiv./l. digest. While the differ- 
ences between the chloride values give the increased 
liberation of chloride ions due to reaction of chloral 
hydrate with extract, the differences between SH 
values are imlikely to give a measure of the SH com- 
pounds combining with chloral hydrate since the re- 
action with chloral is obviously very rapid compared 
with the reactions (e.g. atmospheric oxidation) 
causing disappearance of SH from extracts in 
the absence of ehloral hydrate. For example 40 % 
of the total SH is lost in the first hour when chloral 
hydrate is present, but there is no detectable loss in 
the absence of chloral hydrate. It should also be 
remembered that the method for SH estimation 
determines only SH soluble in trichloroacetic acid 
and that any SH groups bound to protein would be 
precipitated and removed before titration. The 
results do, however, indicate that the liberation of 
chloride ions involves a loss in the SH content of the 
extract. 


vyaieine. jLt can be seen 

from the results of a typical experiment in Fig 3 
that cysteine in the absence of liver extract ca^es 
liberation of chloride ions and that if liver extract is 
also present the chloride liberation is much greater 
than whra either extract or cysteine alone is 
present. Table 6 summarizes the results of some 
e-xperiments with chloral hydrate and cysteine with 
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Table 5. Average, liberation of chloride ions from chloral hydrate and the average loss in ■ 

SH content of rabbit-liver extract when incubated together 

(Chloral hydrate 0-024 m, pH 6-8, 37°. Results expressed in m-equiv./l. digest and ranges given in parentheses.) 


No. of 


Digest 

tested 


1 hr. 

2 hr. 

4 hr. 

10 hr. 

content 

Extract -f chloral hydrate 

16 

01“ liberated 

0-9 

1-4 

2-1 

3-2 





(0-5-M) 

(0-9-1-8) 

(1-3-2-6) 

(2-3-3-6) 



Chloral hydrate alone 

4 

CI~ liberated 

0-0 

0-1 

0-2 

0-5 





— 

(0-1) 

(0-1-0-3) 

(0-4-0-7) 

- 



Difference 

0-9 

1-3 

1-9 

2-7 

— 

Extract -r chloral hydrate 

8 

SH lost 

0-9 

1-2 

1-5 

1-7 

2-3 




(0-1-1-4) 

(0-2-1-8) 

(0-5-2-2) 

(0-9-2-5) 

(1-3-2-9) 

Extract alone 

8 

SH lost 

0-0 

0-2 

06 

,1-2 

2-3 




(+0-4*-0-3) 

{+0-4»-0-5) 

(0-1-0-9) 

(0-6-1 -8) 

(1-3-2-9) 


* + indicates a gain in SH content. 



Time (hr.) 

Fig. 3. The effect of cysteine (0-02 m) upon the liberation of chloride ions from chloral hydrate (0'024 m) by rabbit-liver 
extract at pH 6-8. Curve A, digest with chloral hydrate, extract and cysteine. Curve B, digest with chloral hytote 
and cysteine. Curve C, digest with chloral hydrate and extract. Curve D, spbhtaneous liberation of chloride ions 
from chloral hydrate at pH 6-8. 

Table 6. Average liberation of chloride ions from chloral hydrate and average loss in SH content of cysteine 

when incubated with and without rabbit-liver extract 

(Chloral hydrate 0'024 m, cysteine 0-0231, pH 6-8 at 37°. Results expressed in m-equiv./l. digest and ranges given in 


parentheses.) 

Digest 

No. of 
samples 
tested 


1 hr. 

2 hr. 

4 hr. 

10 hr. 

Initial 

SH 

content 

Cysteine -f chloral hydrate 

6 

Cl~ liberated 

0-6 

1-2 

2-2 

4-7 





(0-5-0-8) 

{0-9-1-4) 

(1 •7-2-5) 

(3-7-5-0) 


Chloral hydrate alone 

4 

Cl“ liberated 

0-0 

0-1 

0-2 

0-5 





(0-1) 

(0-1-0-3) 

(0-4-0-7) 




Difference 

0-6 

1-1 

2-0 

4-2 


Cysteine -t- chloral hydrate 

4 

SH lost 

11 

(0-4r-l-6) 

1-7 

(1-0-2-4) 

3-4 

(2-6-4-0) 

8-6 

(8-5-9- 1) 

20-3. 

(18-9-22-5) 

Cysteine alone 

4 

SH lost 

0-5 

(O-a-0-6) 

1-0 

(0-7-1-2) 

2-1 

(1-6-2-4) 

(4-9-6-2) 

20-2 

(18-9-22-5) 



Difference 

0-5 

0-7 

1-3 

3-1 


Extract -f- cysteine 

3 

Cl" liberated 

3-2 

5-8 

9-2 

13-6 


-f chloral hydrate 



(2-8-3-7) 

(6-0-6-3) 

(7-9-10-0) 

(12-6-14-8) 




Difference* 

3-2 

6-7 

9-0 

13-1 


Extract -f cysteine 
-(-chloral hydrate 

3 

SH lost 

n-a 

(2-5-4-6) 

6-4 

(4-5-7-5) 

10-0 

(7-6-11-8) 

15-2 

(13-7-16-7) 

20-5 

(19-6-21-0) 

Extract cysteine 

3 

SH lost 

10 

(0-7-1-4) 

1-9 

(l'^2-7) 

3-6 

(2-9-4-6) 

(7-1-9-5) 

(19-6-21-0) 



Difference 

2-9 

4-5 

6-4 

6-9 



* By subtracting ‘chloral hydrate alone’ values (see text). 
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and without liver extract in which both chloride 
liberation and SH loss have been determined. Again 
it is seen that the liberation of chloride ions involves 
a loss of SH. For the experiments in the presence of 
extract the values for chloride liberated, corrected 
for spontaneous liberation of chloride ions (i.e. by- 
subtraction of the ‘chloral hydrate alone’ values), 
represent the liberation of chloride due to extract + 
cysteine. By subtracting the SH lost for ‘ extract + 
cysteine ’ from that for ‘ extract + cysteine + chloral 
hydrate values should be obtained which represent 
the SH loss from extract + cysteine concerned in the 
liberation of chloride ions from chloral hydrate. 
This difference, therefore, should be comparable 
mth the corrected values for chloride liberation. 
The assumption that the loss of SH due to oxidation 
(or other unkno-wn reactions) is the same in the 
presence or absence of chloral hydrate is not, how- 
ever, justified since oxidation would almost cer- 
tainly be greater in the absence of chloral when 
there is no competition with the chloride-SH 
reaction. The difference values would thus be 
expected to be low, and it may reasonably be con- 
cluded that both with and without liver extract 
there is a loss of SH corresponding fairly closely 
with the liberation of chloride ions. 

Chloral hydrate and other SH compounds. Experi- 
ments similar to those described above were carried 
out with other SH compounds. From these only the 
average values (from at least three experiments) 
corresponding to the ‘differences’ in Table 6 have 
been recorded in Table 7 and only 4 hr. values are 
given. The loss of SH with glutathione and extract 
was greater than that expected from the chloride ions 
liberated. With thioglycollate and extract the SH 
loss was also somewhat greater than the chloride 
liberation, although there was no loss of SH when 
chloride ions were liberated in the absence of extract. 

Other chloro compounds until cysteine. With butyl 
chloral hydrate in the presence of extract the loss 
in SH was approximately equivalent to chloride 
liberated, but in the absence of extract the SH loss 
was greater than that equivalent to the chloride 
liberated (Table 7). With trichloroacetamide, both 
with and without extract, the SH loss was much less 


than would have been expected from the amount of 
chloride liberated. 

Chloral hydrate and cystine. In experiments in 
which cystine (0-02 m) was added to liver extracts 
with chloral hydrate there was a significant increase 
in chloride liberation (1-1 m-equiv./l. digest in4 hr.) 
over that obtained from extract and chloral hydrate 
alone (2-1 m-equiv./l.). There was no increase in the 
absence of extract. Wlien cystine was added to 
extract without chloral hydrate it was fotmd that 
there was almost always an inerease in SH content 
(average 0'3 m-equiv./l. in 4 hr.). This increase may 
explain the effect of cystine upon the activity of liver 
extract. In the presence of chloral hydrate there 
was a loss in SH corresponding to 0-7 m-equiv./l. 



without chloral hydrate (0-024 m) at pH 6-8. Each curve 
represents average results from three experiments. 
Curve A, untreated extract. Curve B, boiled extract. 
Curve O, boiled extract with chloral hydrate. Curve D 
untreated extract with chloral hydrate. 

Effect of boiled liver extract. It has already been 
stated that considerable liberation of chloride ions 
from chloral hydrate occurs in the presence of boiled 
extract. The average results for utilization of SH 
from tlu-ee experiments are summarized in Fig. 4. 


Table 


Average hberatwn of chloride ions from chloro compounds and the corresponding loss in SH content 
due to wcubaUon with SH compounds with and without rabbit-liver extract 


(Chloro compound 0 024m, SH compound 0-02 m, pH 6-8, 37°, 4 hr. incubation. 


Substrates 
Chloral hydrate with; 

Cysteine 

Glutathione 

Thioglycollate 

butyl chloral hydrate with cysteine 
Trichloroacetamide with cysteine 


Without liver extract 


, A- 

CI“ liberated 

SH loss 

20 

1-3 

1-8 

1-7 

31 

0-0 

1-3 

1-7 

2-5 

0-5 


Results expressed as m-equiv./l.) 
With liver extract 


Cl~ liberated 

SH loss 

90 

6-4 

4'5 

6-5 

4-0 

4-6 

7-3 

6-4 

1-8 

0-5 
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Boiling causes a reduction in the SH content of the 
extract, but even Tvith boiled extract there is a more 
rapid disappearance of SH with chloral hydrate 
than with boiled extract alone. 

Effect of chloral hydrate upon the activity of urease. 
Urease is an SH enzyme and should be inhibited by 
a substance such as chloral hydrate which reacts 
with SH groups. Urease was incubated with 
chloral hydrate for periods up to 3 hr. prior to 
determination of the mease activity of the digest. 
The results recorded in Table 8 show that treatment 
with chloral hydrate causes considerable inhibition 
of urease. 


1952 

chloride ions by tissue extracts. These compounds 
are either aliphatic, or the chlorine is attached to an 
aliphatic side chain. In no instance was there 
appreciable liberation of chloride ions from nuclear- 
substituted aromatic compounds. It is far from 
certain, however, that the liberation of chloride 
from the aliphatic compoimds is due to an enzyme 
such as that claimed by Heppel & Porterfield (1948) 
to liberate halide from some halogenated hydro- 
carbons. The greater part of the factor responsible is 
remarkably stable to heat. Only part of the activity 
of a liver extract is retained after dialysis. It has 
been shown that chloride ions can readily be liber- 


Table 8. Effect of preliminary incubation with chloral hydrate upon the activity of urease 


(Results expressed as percentage conversion of urea, 0*9 g./l.) 



Time of 

Conen. 



preliminary 

of chloral 


Exp. 

incubation 

hydrate 

/ 

no. 

(hr.) 

(M) 

0-5 hr. 

1 

0 

0 

44 



0-024 

31 

2 

0 

0 

41 



0-096 

23 

3 

1 

0 

40 



0-096 

11 

4 

2 

0 

30 



0-096 

5 

5 

3 

0 

26 



0-096 

3 


Percentage of urea converted 

A 


1 hr. 

1-5 hr. 

2 hr. 

2-5 hr. 

72 

86 

91 

91 

41 

67 

63 

66 

69 

85 

91 

93 

30 

33 

34 

34 

69 

83 

— 

92 

16 

19 

— 

20 

62 

67 



82 

7 

8 

— 

9 

43 

54 

61 

67 

6 

6 

7 

7 


Table 9. Effect of preliminary incubation for 30 min. with chloro compounds 
upon the clotting power of papain 


Amount of papain (mg./lO ml. milk) 


Exp. no. 

Chloro-compoimd 

20 

24 28 30 32 

Reciprocal of clotting time (min. 

> 

36 

-9 

40 

1 

None 

0-8 

0-9 

1-0 

1-2 

1-5 

1-7 

— 


Chloral hydrate {0-02 m) 

0-5 

0-7 

0-7 

0-9 

1-0 

1-2 

— 

2 

None 



1-0 

1-5 

1-6 

1-7 

2-1 

2-2 


Chloral hydrate (0-04ii) 

— 

0-7 

0-8 

0-9 

1-1 

1-3 

1-5 

3 

None 



0-8 

0-9 

1-2 

1-3 

1-6 

1-8 


Butyl chloral hydrate (0-01 m) 

— 

0-8 

0-8 

0-9 

0-9 

1-2 

1-5 


Effect of chloral hydrate upon the activity of papain. 
Another SH enzyme, papain, was incubated with 
chloro-compound for 30 min. previous to determina- 
tion of activity in clotting of mUk. As with urease 
there was considerable loss of activity. Typical 
results are shown in Table 9 which records the re- 
ciprocal of the time in minutes taken to clot milk 
using varying amounts of papain. 

DISCUSSION 

It is clear from the experiments described that a 
considerable percentage of the chlorine of certain 
organic chloro compoimds may be liberated as 


ated from chloral hydrate in the absence of liver 
extract if cysteine is present, and that in the presence 
of liver extract the addition of cysteine enhances the 
liberation of chloride ions. The experimental results 
suggest a quantitative relationship between the 
chloral hydrate and the SH groups of cysteine and/or 
liver extract, although such a relationship was not 
always clear when other chloro or SH compounds 
were used. It must, however, be remembered that 
the method of estimation of SH content did not 
permit the estimation of SH groups bound to pro- 
tein, and that SH groups may also be used up in 
reactions, other than atmospheric oxidation, no 
involving the chlorine atoms, e.g. by condensation 
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between SH and aldehyde group (of. Schubert, 
1936). Such reactions could account for a loss in the 
SH content of the digest greater than that expected 
from the chloride ions liberated, e.g. from chloral 
hydrate with glutathione or thioglycollic acid 
(Table 7). It seems probable that the action of liver 
extract in liberatingchloridefrom chloro compounds 
is for the most part not enzymic but due to chemical 
reaction between the chloro compound and SH 
compounds in the liver extract. If there is a chloride- 
liberating enzyme it can only play a very small part 
in the reactions which have been studied. The fact 
that the addition of the disulphide cystine causes 
some enchancement of liberation of chloride ions in 
the presence of liver extract suggests that the extract 
can reduce disulphide compoimds and so enable 
them to react with chloro compounds. 

SUMMAHY 

1. The effect of incubation with tissue extracts 
upon the liberation of chloride ions from twenty- 
nine organic chloro compounds has been examined. 

2. Some compoimds, including those in which the 
chlorine is directly attached to the benzene ring, do 
not liberate appreciable amounts of chloride. Some 


201 

aliphatic chloro compounds which liberate little 
chloride, e.g. chloral hydrate, butyl chloral hydrate, 
or none, e.g. trichloroacetamide, hexachloroethane, 
spontaneously in aqueous solution, liberate con- 
siderable amounts in the presence of liver extract ; 
others which liberate considerable amormts of 
chloride spontaneously, e.g. benzotrichloride, benzyl 
chloride, liberate even more in the presence of liver 
extract. 

3. The loss in SH content of the extract always 
observed when chloride ions are liberated suggests 
that the reaction is largely one between the chlorine 
of the chloro compound and the SH of SH cora- 
poimds. 

4. The liberation of chloride ions is enhanced by 
the addition of SH compounds both in the presence 
and absence of liver extracts. 

5. Previous boiling does not greatly diminish the 
chloride-liberating activity of liver extracts. 

6. It is concluded that the liberation of chloride 
ions in the presence of liver extract is mainly a 
reaction between chloro compound and SH 
compoimds which is not enzymic. 

We are greatly indebted to the Medical Research Council 
for a personal grant to one of us (D.K.V.). 
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Several types of sulphatases occur in nature. These 
are distinguished by the nature of the ester group 
found in the ethereal sulphates which they hydro- 
lyse (Fromageot, 1950). Takadiastase, a commercial 
preparation of Aspergillus oryzac, possesses aryl- 
sulphatase (phenolsulphatase) activity (Neuberg & 
Kurono, 1923), for it hydrolyses phenolic mono- 
esters of sulphuric acid but has no action on ali- 
phatic sulphuric esters. Others preparations of A. 
oryzac such as ‘Mylase P’ (Abbott, 1947) and 
‘Clarase’ (Dzialoszynski, 1947) are also active. 
Arylsulphatase also occurs in animal tissues, 
especially liver, and according to Huggins & Smith 
(1947) rat neoplasms contain significantly higher 
amounts of the enzyme than normal tissues. 

Mylase P has been sho^vn to release phenolic 
oestrogens from their conjugates in pregnant mares’ 
urine in yields 20 % higher than those obtained by 
acid hydrolysis (Cohen & Bates, 1949). The use of 
sulphatase thus provides a gentle method of hydro- 
lysis for ethereal sulphates where acid hydrolysis 
might prove destructive. We required sources of 
arylsulphatase for this prupose, and the present 
work was undertaken to provide possible methods of 
assay of arylsulphatase and to obtain information 
about its activity towards different phenolic sul- 
phuric esters. 

Recent methods of arylsulphatase assay are those 
of Abbott (1947) using potassium phenylsulphate 
with the Folin-Ciocalteu reagent, and of Huggins 
& Smith (1947) using potassium p-nitrophenyl- 
sulphate as substrate (cf. Abbott & East, 1949). In 
the present work we have compared the action of 
takadiastase on the alkali salts of o-, m- and p- 
nitro-, p-chloro-, p-aldehydo-, 4-hydroxy-2-nitro-, 
4-hydroxy-3-nitro- and 2-hydroxy-5-nitro-phenyl- 
sulphuric acids. In each case the liberated phenols 
were estimated in alkaline solution as their anions 
whose spectra were different from the corresponding 
undissociated phenols and ethereal sulphates. By 
this method each phenol could be estimated spectro- 
photometrically or colorimetrically in the presence 
of its ethereal sulphate, using a relath’^ely short 
incubation time in the enzjme experiments. 


EXPERIMENTAL 

Spectroscopic measurements were made with a Unicam 
quartz spectrophotometer. Model SP500, colorimetric 
measurements with a Hilger Spekker absorptiometer and 
pH measurements with a Cambridge pH-meter. 

Preparation of substrates. The potassium salts of o- andp- 
nitro-, p-chloro- and p-aldehydo-phenylsulphurio acids and 
the sodium salt of m-nitrophenylsulphuric acid were pre. 
pared according to Burkhardt & Lapworth (1926) and 
Burkhardtfc Wood (1929). Thepotassium saltsof 4-hydroxy- 
2-nitro-, 4-hydroxy-3-nitro- and 2-hydroxy-5-nitro-phenyl- 
sulphuric acids were prepared for the first time by one of us 
(Smith, 1951). These salts were purified by reorystallization 
from water or ethanol-water mixtures until free from in- 
organic sulphate, chloride and free phenols. Their purity 
was checked by analysis for Na or K gravimetrically, or for 
phenols spectroscopically. 

Absorption spectra of the substrates and phenolic anions. 
These were determined in O-lx-NaOH and are recorded in 
Table 1. Fig. 1 shows the spectra of 4-nitrooateohol and its 
monosulphate and illustrates the difference between the 
spectrum of a phenolic anion and that of its sulphate. 

Preparation of the enzyme solution. Takadiastase (Parke, 
Davis and Co. Ltd.) was either dissolved in water, or in 
0-5M-acetate buffer as required. These solutions were kept 
at 0°, but they deteriorated in about a week. The taka- 
diastase used contained added lactose (reducing sugar 96 %, 
calc, ns lactose) and 0-4% N (Kjeldahl). This commercial 
preparation was thus largely lactose. It has been reported 
that phosphates inhibit sulphatase and therefore phosphate 
buffers were avoided. At the optimum pH of sulphatase 
(about pH 6), acetate buffers are not highly efficient, so that 
they were used at 0-5 m strength to ensure their effectiveness. 

The action of takadiastase on p-aldehydo- and 
p -ch loro -ph enylsii Iphates 

Methods 

(a) Using potassium p-aldehydophenylsidphale. To eachof 
four tubes there were added 0-4 ml. of O-Ssr-acetate buffer 
and 0-4 ml. enzyme solution in O-bM-acetate buffer. To two 
of these tubes (‘test’) there was added 0-4 ml. of a solution 
of potassium p-aldehydophenylsulphate in O-SM-aceta e 
buffer of the same pH (all solutions having been previous y 
warmed to 37°). The other two tubes ■were the controls. A* 
tubes were stoppered and incubated for I hr. at 37 . At e 
incubation, 0-4 ml. of substrate solution was added to e 
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o-Nitrophenol 

Potassium o-nitrophenylsulphate 
m-Nitrophenol 

Sodium m-nitrophenylsulphate 
p-Nitrophenol 

Potassium ^'iiitroplienylaulpnate 
p-Chlorophenol 

Potassium p-chlorophenylsulptate 

p-Hydroxybenzaldehyde 
Potassium p-aldehydophenylsulphate 
Nitroquinol , , . . 

Potassium 4-hydroxy-2-nitrophenylsulpnate 

Potassium 4-liydroxy-3-nitropiienylsulphate 

4-Nitrocateohol 

Potassium 2-hydroxy-5-iiitrophenyl8ulphate 

two control tubes and 3-8 ml. of 0'15K-NaOH to all four 
tubes, The extinctions of the tubes were then read at 330 mp. 
in the spectrophotometer, using 1 cm. cells, against a blank 
of 0’8 ml. buffer, 0'4 ml. water and 3‘8 ml. 0‘15N-NaOH. 
The amount of p-hydroxybenzaldehyde liberated was then 
calculated from the relation : 

(i;,-i?<,)xl22-l xl0»x6 
p-hydroxybenzaldohydo (pg.) = 27 000 x 100 

= 22-2 {Et-E,), 

where and Ec arc the observed spectrophotometer 
readings of the ‘test’ and ‘control’ tubes respectively at 
330 mp.; 122d is the molecular weight and 27 000 the Com,. 



^mai. 


Cmax. 

283 

3850 

412-415 

4500 

260 

4400 

— 

— 

290 

4050 

395 - 

1450 

265 

6500 

— 

— 

230 

4550 

402 

17 000 

280 

9000 

(246 

11 650 

222 

8900 

I298 

(267-5 

(275 

2600 

350 

215 

10 500 

300 

237 

7680 

330 

27 500 

258 

16 300 

— 

— 

237 

13 100 

540 

3850 

235 

17 055 

380 

1390 

(225 

(279 

16 800) 
3900) 

423 

4750 

390-395 

6300 

510 

11 300 

405-410 

18150 

— 

— 



tainrng enzyme and buffer, however, were included because 
the light absorption of the enzyme extracts may vary 
slightly on incubation with acetate buffer. At 330 mp. 
proteins absorb slightly, but in view of the very low protein 
content of takadiastase, the removal of protein was un- 
necessary. However, with preparations of arylsulphatase of 
high protein content, it may be necessary to remove protein 
as described in the next section. 

(b) Using polassium p-chlorophenylsulphate. The procedure 
followed was similar to that described by Spencer & Williams 
(1951) for the assay of ^-glucuronidase with p-chlorophenyl- 
glucuTonide. In preliminary experiments it was found that 
potassium p-chlorophenylsulphate on incubation for 3 hr. 
with 0'5M-acetate buffers, pH 4T-6-7, yielded no speotro- 
photometrically detectable amount of p-chlorophenol. The 
procedure for the assay of the arylsulphatase activity of 
takadiastase was the following. 

The reagents and procedure up to the incubation were as in 
section (a) above except that centrifuge tubes were used. 
After incubation for 2 or 3 hr., 0-4 ml. of substrate solution 
was added to the control tubes, and then 4-8 ml. of absolute 
ethanol to all four tubes. The tubes were centrifuged for 
3 min. to remove any precipitated protein and 6 ml. of the 
clear supernatants transferred to tubes containing 5 ml. 
0-2N-NaOH. The extinctions of these solutions were then 
read at 245 mp. in the spectrophotometer against blanks 
made up of 0-4 ml. acetate buffer and 0-8 ml. water diluted 
with ethanol and 0-2N-NaOH as for the test solutions. The 
amount of p-ohlorophenol liberated is 


(g( - Ec) X 128-5 X 6 X 1 0 OOP 
11 650 X 5 


■ = lS2(Et-E,)pg. 


in alkali of p-hydroxybcnzaldchyde. Control tubes of sub- 
strate and bviffor were omitted because a separate exj)eri- 
mrnt showed that no p-hydrox ybenzaldehyde was liberated 
on inciibafiiig potassium p-aldchvdophenvlsulphate with 
nc t.ate buffers from pH 4-1 to 6-7. Tlie control tubes con- 


A study of the recovery of p-chlorophenol measured at 
245 mp. and of p-hydroxybenzaldehyde at 330 mp., showed 
that the maxima appeared to obey the Lambert-Beer Law, 
and that the phenols could be recovered over a wide range of 
concentrations to the extent ofl00±3%. ^ 

Effecl of pH and snbslrate concentration on the hydrolysis 
of potassium p-aldehydo- and p-chloro-phenylsulphate by 
takadiastase is shown in Table 2. r- g 

conditions with these two substrates, extent 
of hj drolysis Was proportional to time up to 4 hr. and to the 
quantity of takadiastase present up to 0-5%. 
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(Temperature 37° throughout; other conditions noted in parentheses; taka = takadiastase.) 
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Substrate 

(all K salts unless otherwise stated) 
p-Aldehydophenylsulphate 


p-Chlorophenylsulphate 


o-Nitrophenylsidphate 


m-Nitrophenylsulphate (Na salt) 


p-Nitrophenylsulphate 


4-Hydroxy-2-nitrophenylaulphate 


2-Hydroxy-5-nitrophenylsulphate 


Optimum pH 
5-8 

(little variation 5-5-6T) 

(1% taka; O-OOSsi-substrate; 1 hr.) 

615 

(sharp maximum) 

(3% taka; 0'0125M-substrate; 3 hr.) 
6-3 

(little variation 6'0-6-5) 

(4% taka; 0'005M-substrate; 1 hr.) 

6-2-6-4 

(little variation 6-9-6'6) 

(4% taka; 0-005 M-substrate; 2 hr.) 

6-2 

(little variation 6-0-6-4) 

(1% taka; 0-005 M-substrate; 1 hr.) 

6-0 

(little variation 5-9-6-1) 

(2% taka; 0-002 M-substrate; 2 hr.) 

5-8-5-9 

(2% taka; 0-0025 M-substrate; 2 hr.) 


Optimum substrate concn. and 
2-7 X lO-^M 

No inhibition up to 3 x 10 -=m 

K„, 2-1 X lO'^M 

(pH 5-8; 1% taka; I hr.) 

1 X lO'^M 

No inhibition up to 3 x IO-^m 
9-7 X lO'^M 

(pH 6-16; 3% taka; 3 hr.) 

. 6 X lO'^M 

No inhibition up to 2 x 10“-M 

K„, 3-4 X 10''‘m 

(pH 6; 4% taka; 1 hr.) 

6 X 10““ M 

No inhibition up to 2 x 10 "“m 

K„, 8-36 X 10-‘M 

(pH 6; 4% taka; 2 hr.) . 

1- 5 X 10~“m 

No inhibition up to 2 x 10 ““m 
1-7x10-*M 

(pH 6-1 ; 1 % taka; 1 hr.) 

2 X 10““m 

No inhibition up to 5 x 10"’ M 
1-25 X lO-’M 

(pH 6-9; 2% taka; 2 hr.) 

2- 6 X lO-’M 

Inhibition beyond 2-5 x 10 "’m 

X„, 3-6 X 10"'‘m 

(pH 5-9; 2% taka; 2 hr.) 


The action of takadiastase on the o-, m- and 
p -nitrophenylsu Iphates 

Method 

A solution (I ml.) of the substrate dissolved in M-acetate 
buffer and the aqueous enzyme solution (1 ml.) were added 
to two tubes. These tubes, together with a control tube 
containing the substrate-buffer solution only, were incu- 
bated at 37° for the required period. Then 1 ml. of 0-33 n- 
NaOH was added to all three tubes and 1 ml. of enzyme 
solution to the control tube. The extinctions of the contents 
of the first two tubes were then read in the spectrophoto- 
meter, with the contents of the control tube in the blank cell 
of the instrument. Readings were made at 412 mp. for o-, 
at 395 mp. for m- and at 402 mp. for p-nitrophenol. The 
amount of nitrophenol in 3 ml. of test solution was then 
calculated from the relation, pg. nitrophenol =Ex, where x 
is 92-66 for o-, 287-6 for m- and 24-5 forp-nitrophenol and E 
is the spectrophotometer reading at the appropriate wave- 
length, X being calculated as before from known and 
molecular weights of the phenols and the dilutions of the 
solutions. The maxima of each phenol appeared to obey the 
Lambert-Beer Law. 

The effects of pH and of substrate concentration on the 
hydrolysis of the three nitrophenylsulphates are quoted in 
Table 2. In optimum conditions with these three substrates 
the extent of hydrolysis was proportional to time up to 2 hr. 
and to the quantity of takadiastase present up to 4 % for the 
o- and ?n-substrates and up to 1-2% for the p-substrate. 


The action of takadiastase on certain 
hydroxynitrophenylsulphates 

The two ethereal sulphates, 4-hydroxy-2-nitro- and 4- 
hydroxy-S-nitro-phenylsulphuric acids (I and II)giveriseto 
nitroquinol on hydrolysis. Nitroquinol on making alkaline 
gives a purple colour (A,„jx. 540 mp., 3850) which can 
be estimated with the Spekker absorptiometer. The colour 



I II III 

fades on standing, but is sufficiently stable to allow readings 
of its intensity to be taken. Similarly, 2-hydroxy-5-nitro- 
phenylsulphuric acid (III) gives rise to 4-nitrooatechoI 
which gives a relatively stable red colour in alkaline solution 
(Amax. 510 mp., fniax H SOO) whioh again can be estimated 
in the colorimeter. The alkaline nitrocateohol colour is more 
intense than that of nitroquinol and is therefore more 
suitable for the assay of arylsulphatase. The standard curves 
for nitroquinol and nitrocateohol were constructed by 
dissolving 10-70 pg. of nitroquinol or 4-30 pg. of 4-nitro- 
catechol in 2 ml. water and adding 0-6 ml. of 2-5N-NaOH. 
The intensity of colour varied linearly with the amount of 
the two phenols. The nitroquinol and nitrocateohol colours 
were read immediately in the Spekker absorptiometer with 
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Ilford no. 604 (Spectrum green) filters, and using 1 cm. cells 
holding 0-5 ml. of solution. 

Method. The substrate solution (1 ml.), made by dissolvmg 
the potassium salt of the ethereal sulphate in M-acetate 
buffer, was added to each of three tubes. To two of the tubes 
1 ml. of the aqueous enzyme solution was added and all 
three tubes w'ere incubated at 37° for the required time. To 
each tube there was then added 0'5 ml. of 2‘5N'NaOHand to 
the third tube (control) 1 ml. of enzyme solution. The colours 
of the two test solutions were then measured in the Spekker 
absorptiometer with the control solution in the blank cell of 
the instrument. The amount of nitroquinol or nitrocateohol 
liberated was then read from the standard curves. 
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tion of a stable enzyme-substrate compound. If the second 
condition is correct then potassium 4-hydroxy-3-nitro- 
phenylsulphate should behave as an inhibitor of aryl- 
sulphatase since it will combine under certain conditions 
with all the available enzyme and prevent its action on 
other hydrolysable substrates. The effect of potassium 
4-hydroxy-3-nitrophenylsulphate upon the activity of 
takadiastase towards potassium 2-hydroxy-5-phenyl8ul- 
phate was therefore studied. 



Substrate concentration (m) 



Tig. 2. The effect of substrate concentration on the aryl- 
sulphatase activity of takadiastase. A, potassium 4- 
hydroxy.2-nitrophcnylsulphate (I) as substrate, where no 
inliibition by excess substrate up to 0'005 m is seen; and 
B, potassium 2-hydroxy-5-nitrophenylsulphate (III) as 
substrate, showing inhibition by excess substrate. 

Tlie effect of pH and of substrate concentration on the 
hydrolysis of I and HI by takadiastase is showm in Table 2. 
In the case of III there was an inhibition by excess of 
substrate which is shorvn graphically in Fig. 2. 

In optimum conditions with I and III extent of hydrolysis 
was proportional to time up to 2 hr. and to the quantity of 
takadiastase present up to 4 %. 

^ In the case of tfie 4-hydroxy-3-nitrophenylsulphato (II) 
mciihation np to 4 lir. only released Ofig. of nitroquinol, so 
that takadiastase appeared to have practically no hydro- 
lytic action towards this etiicreal sulphate. This sulphate 
was also more resistant to acid hydrolysis than its isomer (I), 
for 1 is completely hydrolysed by 0-25 k-H.SO, at 98° in less 
than 10 min., whereas II requires at least 20 min. for com- 
plete liydrolysis under (he same conditions. 


Jithibition of ar;/hulpliatase by 

"^diydroTy-ti-niirophenylsuIphatc 


1 akadiastase shows very little hydroh-tioactivitvtou 
l>otass,„m 4-hydroxy-3-nitrophcnv!sulphntc (II). 
™uM 1 m> <1iio to the inability of the enzyme to combine 
1 1 to form the cnzjtne-substrate complex, or to the fo 


Fig. 3. The inhibition by potassium 4-hydroxy-3-nitro- 
phenylsulphate (II) of the hydrolysis of potassium 2- 
hydroxy-6-nitrophenylsulphate (III) by takadiastase. 
For conditions, see text. 


The hydrolytic action of 0-5 ml. of 2 % takadiastase upon 
0-0025M-potas3ium 2-hydroxy-5-nitrophenylsulphate was 
measured as above, in the presence of increasing concentra- 
tions of potassium 4.hydroxy-3-mtrophenylaulphate. The 
results (see Fig. 3) showed that the latter substance was 
highly inhibitory, 50% inhibition being caused by a con- 
centration of about 1-4 X I0~*M. 

The nature of the inhibition.. The activity of 2% takadi- 
astase at increasing concentrations of potassium 2-hydroxy- 
5-nitrophenylsulphate in the absence and presence of 

-.•5 xlO-'ji-potassium 4-hydroxy-3-nitrophenyIsulpbate 

was measured at pH 5-8. The plot of 1/u against IjS showed 
an increase m slope (see Fig. 4) in the presence of the in- 
hibitor, whereas the ordinate intercept had the same value 
as m the absence of the inhibitor, thus indicating com- 

^ Lineweaver & Burke 
(1934) the increase m slope =Ay/Jf, . where I is the in- 

Snz^ ""'I dissociation constant of 

e nzjTOo-mhibitorcompIex. In this particular experiment 

I ^ affinity of potassium 4-hydroxv-3- 

Phonylsulphat ^ ‘ “fpofossium 2.hydroxy-5.mtro- 
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Inhibition of arylmlphatase activity 
by some inorganic compounds 

It has been shown that arylsulphatase is inhibited by com- 
pounds which react with aldehyde groups, for KCN, ILSOj, 
phenylhydrazine and NHjOH are inhibitory (Soda, Egami, 
Koyama & Horigome, 1939; Eozenfeld & Buchelman, 1940; 
Dzialoszynski, 1950). Eozenfeld & Euchelman (1940) con- 
cluded that arylsulphatase contained an aldehyde group in its 
prosthetic group. Furthermore, it has been reported that 
oxalate, fluoride, sulphate and phosphate ions and heavy 
metals inhibit the enzyme (Tanaka, 1938; Inouye, 1929; 
Dziaoszynski, 1950; Huggins & Smith, 1047). According to 
Tanaka (1938) and Seligman, Chauncey & I^achlas (1951) 
MgO. activates the enzjune, whereas Hommerberg (1931) 
claims that this compound inhibits slightly. Other workers 
have obtained activation of the enzyme by Fe(OH)3, BaCOa 
and CaCOj. These various workers, however, were working 
with aiylsulphatases from different sources. 



lx10-> 

Fig. 4. Competitive inhibition of the hydrolysis of potas- 
sium 2-hydroxy-5-nitrophenylsulphate (III) by potas- 
sium 4-hydroxy-3-nitrophenylsu]phate (II). A, in the 
presence of the inhibitor; B, in its absence (see text). 
V —rate of hydrolysis, expressed as yg. 4-nitrocatechol/hr. 
S= substrate concn. (m). 

Using potassium p-chloro- and p-nitro-phenylsulphates 
and takadiastase we have examined the action of a number 
of compounds on arylsulphatase. 

Methods 

{a) Using -g-chlorophenyisulpliate. The method described 
earlier (p. 203) was used, but the 0-4 ml. of substrate solution 
was replaced by 0-2 ml. inhibitor and 0-2 ml. substrate 
dissolved in O-Ssi-acetate buffer of pH 6-15. The final con- 
centration of substrate was 0-0125 si. A similar change was 
made in the control tubes where 0-2 ml. each of inhibitor and 
substrate replaced the 0-4 ml. of substrate solution. 

(6) Using p-niirophenyJsidpiiate. The inhibitor solutions 
were made up in H-acetate buffer and adjusted to pH 6-0 


■with acetic acid or O-lN-NaOH as necessary. The inhibitor 
solution (2 ml.), O-OlM-substrate solution (2-5 ml.) and 2% 
takadiastase (0-5 ml. ) were mixed in duplicate and incubated 
for 1*5 hr. at 37°. The control tubes were incubated in the 
same way using inhibitor and buffer solutions but omitting 
the enzyme solution until the end of the reaction. The tubes 
were then all treated with 0-5 ml. of 2K-NaOS and the 
liberated p-nitropbenol measured. 


Table 3. Effect of inhibitors on arylsulphatase 
activity of takadiastase 

Final p-Ghlorophenol 
concentration orp-nitrophenol 
Compound of inhibitor liberated Inhibition 
tested (M) (^g.) (0/„) 

p-Chlorophenylsulphate as substrate 


None 

— 

34-4 



NaCI 

0-02 

34-7 

0 

NajSOi 

0-02 

34-6 

0 

MgCl^ 

0-02 

34-5 

0 

NajHPO^ 

0-02 

27-9 

19 

NajSOj 

0-01 

11-0 

68 


p-Nitrophenylsulphate as substrate 


None 

— 

20-0 

— 

KCl 

0-02 

20-0 

0 

K3SO* 

0-02 

20-0 

0 

MgClj 

0-02 

14-6 

27 

NajHPOi 

0-02 

19-2 

4 

K3SO3 

0-02 

4-95 

75 

KjSOj 

0-002 

16-0 

20 

CAOH 

0-02 

18-0 

10 

NH.OH, HCa 

0-02 

2-2 

89 

NHjOH, HCl 

0-002 

7-7 

61-5 

KCN 

0-02 

0 

100 

KCN 

0-002 

10-7 

46-5 


Some of our results are given in Table 3. They confirm 
that compounds reacting with aldehyde groups (KCN, 
K2SO3, NsjSOs and NHjOH) inhibit the enzjune. The 
effect of phosphates was slight but nevertheless evident. 
SlgCls (cf. Hommerberg, 1931) seemed to inhibit slightly 
when p-nitrophenylsulphate was used as substrate but not 
when p-chlorophenylsulphate was used. 


DISCUSSION 

The present work suggests that arylsulphatase can 
be estimated with almost any phenolic etherea 
sulphate hydrolysed by sulphatase at a reasonabh 
velocity provided that the anion of the liberatec 
phenol absorbs light at a different wavelength fron 
the ethereal sulphate. This probably occurs wit! 
most phenols. For the most sensitive metho^ 
however, the extinction of the phenolic anion at its 
wavelength of maximum absorption must be larg« 
and of the phenols studied here the p-nitro-, p- 
chloro- andp-aldehydo-phenols and 4-nitroeatecho. 
seem to satisfy these criteria (see Table 1). The use oi 
p-nitrophenol and its sulphate for the assay -oi 
sulphatase has already been described (Huggins & 
Smith, 1947). The convem’ent maximum absorp- 
tions of thep-chloro- andp-aldehydo-phenol anions 
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occur in the ultraviolet and are therefore measured 
•with a spectrophotometer covering the ultraviolet. 
With j)-nitrophenol, "both a colorimeter and a 
spectrophotometer can be used for measuring the 
yellow colour of its anion, the latter instrument 
being more convenient. Since 4-nitrocatechol gives 
a red colour in alkali, it is readily measured in a 
colorimeter. We have found the method using 4- 
nitroeatechol sulphate as substrate readily applic- 
able to the assay of arylsulphatase in animal tissues, 
the colour being measured -with a Spekker absorptio- 
meter. This method is being further developed. 

Takadiastase has been shown to hydrolyse the 
ethereal sulphates of phenol (Neuberg & Kurono, 
1923), p-cresol (Neuberg & Lindhardt, 1923) m- and 
p-chloro-, p-bromo-, o-, m- and p-nitro -phenols, 
quinol, carvacrol, vanillin, p-hydroxybenzoic acid, 
indoxyl, 2 -hydroxy quinoline (l^euberg & ’Wagner, 
1925), salicylic acid (Morimoto, 1937), ^-naphthol 
(Noguchi, 1924), oestrogens (Cohen & Bates, 1949), 
( ± )-3-methjdcycZohexyIphenol (Weinmann, 1929) 
and ( -f- )-p-scc.-butylphenol (Fromageot, 1929). It 
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and V, to give I and III respectively, causes the 
optimum pH for sulphatase activity to become 
more acid (see Table 4), Thus the optimum for IV is 
pH 6-3 moving to 6-0 in I, whilst the optimum for V 
is 6'3 moving to 5'9 in III. There is also in both cases 
a similar change in optimum substrate concentration 
which is 0-006 m for TV and V and about 0-002 m for I 
and III. Furthermore, K„ for IV and V is about 
2-5 times the for I and III {K„]y/K„i=2-1 and 
IfW^mm=2-4). Thus the introduction of a 
hydroxyl group into these sulphates increases the 
affinity of the enzyme for the substrate about 2-5 
times. 

On these grounds it seemed probable that the 
lack of hydrolytic activity of takadiastase towards 
II might be due to the formation of a stable enzyme - 
substrate complex. That this was actually the case 
was proved by the fact that II competitively in- 
hibited the action of sulphatase on III. It was 
calculated that the affinity of the enzyme for II was 
about 280 times that for III and about 50 times that 
fori. 
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Table 4. Action of the arylsulphatase of takadiastase upon various ethereal sulphates 


Phenol liberated/hr. by 


Ethereal sulphate 

A'^xIO'm 

Optimum 

Optimum 

substrate 

concentration r- 

1 g. of takadiastase * 

.A 



1 mg. of the 
N of the 
takadiastase 
preparation 

pH 

(M) 

(ys-) 

(pmole) 

(Fg-) 

ri-Nitrophonyl 

3-4 

6-0-6-5 

0-006 

1100 

7-8 

275 

»>i-Nitrophcnyl 

8-35 

5-9-6-5 

0-006 

1750 

12-5 

437 

ji-Nilrophenyl 

1-7 

6-2 

0-015 

1272 

9-15 

?1R 

4.Hydroxy-2-iiitrophenyl 

1-25 

.5-9-6-1 

0-002 

1426 

9-2 


2-Hydroxy-5-nitroplienyl 

3-5 

5-9 

0-0025 

837 

54 

209 

4-Hydroxy-3-iiitrophenyl 

(0-024)* 





0 

0 

p-Chlorophcnyl 

9-7 

6-15 

0-01 

1610 

12-5 

402 

p-Aldeliydoplicnyl 

21 

5-5-6-1 0-0027 

* Kj measured at pH 5-8. 

960 

7-6 

240 


failed to hydrolyse the ethereal sulphate of ( - )-p- 
scc. -butylphcnol (Fromageot, 1929). Our present 
results cover eight ethereal sulphates of which o-, 
m- and p-nitro- and p-chloro-phenylsulphates have 
been studied before. Amongst our results we have 
( wo examples of the effect on sulphatase activity of 
the introduction of o hydroxyl group into the 
aromatic ring of (he nitrophenylsulphates. Thus we 
can compare 4.hydroxT-2-nitrophenylsulphate (I) 


^0,H OSO.H OSOjH OSOjH 

0“’ 0“’ 60, 


IV 


on 

I 


111 



OH 

n 


'vith o-nitrophenylsulphnte (IV) and 2-hvdrox 
nitre, ihonylsulphato (III) ,vith m-nitrophe 
'■ulphate (1 ). file introduction of an OH inlc 


Our results also enable us to compare the action of 
sulphatase on three position isomers, namely the 0 -, 
m- and p-nitrophenylsulphates. The affinity {1/A„) 
of the enzyme is greatest for the p- and least for 
the m-isomer, the ratio 1/A:„.,,_ : : i/jf ^ 

being 5: 2-5:1. 

Although is least for wi-nitrophenylsul- 

phate, more w-nitrophenol is liberated per hour by 

the enzjune from m -nitrophenjdsulphate than 0 - and 

CrTble 4^^"°^^ corresponding sulphates 



-‘^^''""“^uouiamateriai.xtienitroE 
(O^x'e-^srn Protein content 2-5 

li r wf ■ nitrogen content a 

w^ addelT^rr^ material of the preparati 
ncTni lactose, the original dried mould p 
paration must be a relatively good source of a? 
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sulpliatase, for the enzyme in 1 g. of the takadiastase 
nitrogen would release 32 mg. of p-nitrophenol (see 
Table 4), for example, from the corresponding 
ethereal sulphate in 1 hr. at 37°. 

Our experiments were carried out at 37°, and 
Abbott (1947) has reported that the optimum 
temperature of the enzyme is 50°. From Abbott’s 
results arylsulphatase appeared to be about 50% 
more active at 50° than at 37°. 

SUMMARY 

1. A study has been made of the action of the 
arylsulphatase activity of takadiastase towards the 
aUtali salts of o-, m- and p-nitro-, p-chloro-, p- 
aldehydo-, 4-hydroxy-2-nitro-, 4-hydroxy-3-nitro- 
and 2-hydroxy-5-nitro-phenylsulphvu'ic acids. 

2. The liberated phenols were determined spec- 
trophotometrically or colorimetrically as their 


anions, which have different spectra from the 
corresponding ethereal sulphates. The spectra of 
these sulphates are recorded. 

3. Optimum pH’s, Michaelis constants and 
optimum substrate concentrations have been 
determined for these ethereal sulphates. 

4. Potassium 4-hydroxy-3-nitrophenylsulphate 
was not hydrolysed by takadiastase and inhibited 
the action of the enzyme towards other ethereal 
sulphates. This inhibition is competitive and is due 
to the formation of a stable enzyme -substrate 
complex. 

5. A study has also been made of the inhibition 
of arylsulphatase by inorganic compounds and 
aldehyde reagents. It is confirmed that aryl- 
sulphatase is inhibited by compounds reacting with 
aldehydes. 

The expenses of this work was in part defrayed by a grant 
from the Medical Research Council. 
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Seasonal Changes in the Carbohydrates of the 
Jerusalem Artichoke Tuber 


By j. S. D. bacon and R. LOXLEY 
Department of Biochemistry, University of Sheffield 

(Received 13 September 1951) 


Several workers (Dubrunfaut, 1867; Colin, 1919; 
Thaysen, Bakes & Green, 1929; Dedonder, 1951c) 
have noted the change in carbohydrate composition 
which takes place when the tubers of the Jerusalem 
artichoke (HeliantJms tuberosus L.) are stored over 
the -winter. This change may be inferred from the 
optical rotation of the expressed juice, which 
changes in the positive direction, and is confirmed 


by the observations that in the spring less inulin 
may be obtained from the tubers and more of the 
carbohydrate is fermentable. Similar observations 
have been made on chicory, Cichorium Intybus L., 
by W'^olff & Geslin (1918). 

Bacon & Edelman (1951) suggested that all these 
changes could be the result of a redistribution of 
fructose residues among the many carbohydrate 
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area of paper they occupied. The recovery of ketose from the 
chromatograms was in most analyses between 95 and 100 
and never less than 90 %. 
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components revealed by paper-partition chromato- 
craphy of extracts; a relative increase in the pro- 
portion of those of lower molecular weight (the 
smallest of which is sucrose) should give the mixture 
a more positive rotation (cf. the rotation of these 
substances; Dedonder, 1951o) and the increased 
fermentability could he due to the more rapid action 
of yeast invertase on them (Dedonder, 19516). 

The following is an account of experiments 
designed primarily to test this hypothesis. The 
results also give some indication of the nature of the 
metabolic changes that take place in hibernating 
tubers. 

METHODS 

In order to reduce the actions of enzymes to a 
minimum the following extraction procedure was 
adopted, differing in some respects from that 
described earlier (Bacon & Edelman, 1951) : 

About 200 ml. of water were brought to the boil in a weighed 
500 ml. beaker and kept at the bod while a known weight of 
tubers (about 100 g.) was added as thin slices cut with a 
stainless-steel knife. Boiling was continued for a further 
3 min., the whole cooled to room temperature, and weighed. 
The contents of the beaker (usually weighing about 250 g.) 
were then tipped into a Waring blender and disintegrated 
without further additions. Samples (about 5 ml.) of this 
mash wore weighed and dried for 24 hr. to determine their 


MATERIALS 

The artichokes used were those grown during 1949, and 
described by Bacon & Edelman (1951). Small tubers of 
uniform size and regular shape were planted 1-5 ft. (50 cm.) 
apart in the same plot in the western outskirts of Sheffield, 
about 550 ft. (170 m.) above sea level. These were the 
source of most of the material analysed. A few tubers of 
similar size and shape, lifted at the same time, were planted 
at Telham, about 2 miles (3 km.) south-east of Battle, 
Sussex, at an elevation of about 400 ft. (120 m.). In both 
situations the plants made considerable vegetative growth, 
but only in Sussex were flowers produced. 

At intervals of about 2 weeks a whole plant was lifted, the 
tubers taken to the laboratory as quickly as possible, and 
extracted within an hour. All the tubers were given a 
preliminary washing under the cold tap, dried with filter 
paper and weighed. Two 100 g. samples of whole tubers 
were taken, and washed more thoroughly before extraction. 
The 3 deld of tubers from single plants varied considerably 
not only in number and weight but also in shape. No 
systematic attempt was made to choose representative 
samples from each plant. 

The tubers were not removed from the grotmd in the 
autumn;they began to grow again in 1951 rather later in the 
spring than in 1950. 


content of dry matter. 

The mash was then squeezed through madapollam , leaving 
a small residue, and 50 ml. samples of the filtrate were treated 
with 5 ml. 30% (w/v) lead occtate (Pb(CiH 302 )j. 3 H 20 ).The 
precipitate was filtered off by gravity on a Whatman no. 1 
filter paper and to 32 ml. of the filtrate were added 5 ml. 3 % 
(w/v) sodium oxalate. If the supernatant fluid showed a 
precipitate with one more drop of sodium oxalate solution, 
mca.surcd amounts were added until precipitation of lead 
was complete. 

The optical rotation of the resulting filtrate was read in a 
2 dm. tube, and samples were taken for estimation of re- 
ducing substance (US) and total US (Edelman & Bacon, 
1951 a). The remaining filtrate was stored over chloroform in 
the refrigerator. The samples prepared during summer and 
nvitumn slowly deposited a precipitate which was pre- 
sumably inulin ; it dissolved when the sample was heated to 
SO”. Kstimations were sometimes repeated on filtrates 
which had been stored for as long as 9 months and then 
lic.stcd in this way; they showed that no significant changes 
in composition had taken place. 

For chromatogrnpliic analysis the filtrate was applied to 
sheets of B hatman no. 1 paper. These also were stored for 
several months without delectable changes in the results of 
the subsequent development and analysis, which were 
earned out essentially ns described by Bacon & Edelman 
(1951). Tlie procedure was modified in certain details: 
(1) the spots for analysis were applied in groups of four, 
iK-twwn giiiiic spot.s, in such a way that all the materia! for 
nnalvMS was delivered conseeutivclv from the micrometer 
siTinee, therchy decreasing considcmblv tlie error of this 
nu-anin.mem ; (2) tiie ‘p.ajwr blanks’ we're usuallv cut from 
.1 ^«Mtlon Mow free fnictosc. and deductions made from 
the ketose content of iMrticiiInr spots in proportion to the 
Itioehein. 19.52, .51 


RESULTS 


Calculations from analyses. For the samples 
taken in August and September the dry -weight of 
the tubers was determined directly by drying slices, 
but in October and afterwards it was calculated 
from the dry weight of the mash, assuming no losses 
of dry matter during the boiling, and complete 
mixing of the added water with the pulp. For some 
samples both methods were used. 

The free and total RS/lOO g. fresh weight of tuber 
were calculated from the analyses of the mada- 
pollam filtrate, neglecting the small residue left on 
the cloth. It was assumed that the additions of lead 
acetate and sodium oxalate solutions diluted the 
resulting filtrates to a volume equal to the sum of the 
volumes mixed. 

The ketose as percentage total ketose recovered 
of each spot in the paper chromatogram cannot be 
assumed to represent exactly the distribution of 
fructose in the various components, nor can the 
absolute amounts of most of these components be 
calculated, since, with the exceptions of fructose 
and sucrose, the pure substances w'ere not available. 


— V..V 

Tables 1 and 2 summarize the results of analyses on 
ubern from 20 July 1950, when they were almost 
indistinguishable from roots, until Alay 1951 when 
shoots -o cm. long had developed on some of them 


14 
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Table 1. Dry matter of tubers and total reducing substances, ketose and optical rotation of tuber extracts 

(Figures marked * are for a single extraction, all other figures are for duplicate extractions. All extracts were made on 
the date recorded except for those marked f which were made (30 September 1950) 2 days, (4 December 1960) 7 days 
(14 April 1951) 3 days, and (9 June 1950) 3 days later, respectively. % tubers from Sussex.) ^ ’ 




Dry matter 

Total RS 


[a]n 

Ketose 




(g./lOO g. fresh 

(g./lOO g. fresh 

calculated 

as % 


Date dug up 

tuber) 

tuber) 


on total RS 

total RS 


20 July 

1950 

12-4* 

4-7* 


- 10-4* 

85* 


22 Aug. 

1950 

15-5 

11-4 


-22-5 

95 


28 Aug. 

1950 

16-2 

10-0 


-20-1 

98 


4 Sept. 

1950 

15-6 

11-0 


-21-0 

96 


11 Sept. 

1950 

15-9 

11-6 


-22-4 

95 


18 Sept. 

1950 

17-0 

13-3 


-21-1 



25 Sept. 

1950 

16-8 

11-8 


-19-8 

94* 


30 Sept. 

1950tJ 

13-9 

9-9 


-23-3 

97* 


3 Oct. 

1950 

18-4 

12-7 


-19-4 



9 Oct. 

1950 

18-9 

14-3 


-17-5 



16 Oct. 

1950 

18-1 

13-7 


-16-1 




23 Oct. 

1950 

19-4 

14-1 


-16-3 

93* 


30 Oct. 

1950 

20-4 

14-8 


-16-0 

94 


6 Nov. 

1950 

20-7* 

15-3* 


-9-5 

89 


9 Nov. 

1950 

21-5 

160 


-7-5 

90* 


14 Nov. 

1950 

20-8 

14-5 


-4-0 

86 


20 Nov. 

1950 

20-8 

15-5 


-4-9 



26 Nov. 

1950 

21-0 

15-3 


-1-8 



4 Dec. 

1950 

20-8 

140 


-1-2 

90* 


4 Dec. 

1950t 

33-5 

23-9 


-30 




19 Dec. 

1950 

2M 

14-2 


+2-0 

88 


2 Jan. 

1951 

21-5 

15-2 


-t3-0 




17 Jan. 

1951 

20-0 

14-0 


-f5'4 

79* 


12 Feb. 

1951 

19-9 

13-6 


-I-4-1 




5 Mar. 

1951 

20-1 

16-6 


-t-0-5 




2 Apr. 

1951 

22-0 

13-7 


-f3-6 

84 


14 Apr. 

1951tt 

22-1 

16-8 


+ 8-1 

77 


25 May 

1951 

15'2 

10-9 


-16-6 

88* 


9 June 

1950t 

10-8 

6-3 


-9-2 

81 


Table 

2. DistribiUion of ketose among the components of tuber carbohydrate 



(Results refer to the same extracts as those in Table 1.) 




[aJa 

Ketose as % of ketose recovered from chromatogram Recoverj- 


nalniilti 


A 


ftf b-pfnsp 







1 


Date dug up 

on total RS Spot F 

Spot 1 

Spot 2 

Spot 3 

Spot 4 

{%) 

30 July 1950 

- 10-4 — 

4-3 

5-1 

6-1 

— 

102 

22 Aug. 1950 

-22-4 — 

1-8 

1-8 

2-6 

3-0 

98 

22 Aug. 1950 

-22-6 • 

1-8 

1-8 

2-5 

3-0 

102 

28 Aug. 1950 

- 18-8 — 

2-0 

2-2 

2-8 

31 

101 

28 Aug. 1950 

-21-4 — 

2-2 

2-4 

2-8 

3-1 

99 

30 Sept. 1950 

-24-9 — 

1-4 

1-7 

2-0 

2-7 

98 

23 Oct. 1950 

-16-8 — 

2-7 

30 

3-5 

4-2 

100 

9 Nov. 1950 

-6-9 — 

5-7 

4-9 

6-2 

6-1 

95 

4 Dec. 1950 

-0-' 

7 — 

6-8 

6-3 

8-4 

8-2 

99 

17 Jan. 1951 

-t-6-5 — 

101 

8-0 

10-7 

9-2 

98 

2 Apr. 1951 

-h3-3 — 

91 

7-7 

7-2 

9-7 

95 

2 Apr. 1951 

+ 4-0 — 

9-5 

8-0 

10-7 

10-2 

93 

14 Apr. 1951 

+ 7-' 

7 1-8 

13-7 

10-9 

12-3 

11-2 

97 

25 May 1951 

-190 9-6 

7-9 

4-7 

5-5 

5-6 

— 

25 May 1951 

- 14-2 7-5 

7-0 

4-6 

5-8 

6-6 

96 

9 June 1950 

— 7*^ 

t 25-6 

18-6 

8-7 

7-8 

6-8 

92 


(These tables may be compared with Tables 1 and 4, The dry weight as percentage of fresh weight 
Bacon & Edehnan, 1951.) To them have been added increased during the period of sub-aerial growth, 
analyses of some old tubers still present in actively but thereafter remained almost constant luitil the 
growing plants diming June 1950,' these tubers were tubers began to sprout, when it declined sharply. 
still turgid, and conform to the trends in composi- There was a considerable increase in the total weight 
tion which were evident during May of the following of tuber per plant; in July the total weight was 
year. 14 g., in August about 200 g., and in September, 
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analyses were made on individual plants). In 


October and November never less than 300 g. and 
often 600 g. or more. The increase was due partly to 
increase in the number of tubers, but more to in- 
crease in their size. In all plants there was very 
considerable disparity in size beWeen tubers, the 
largest ones weighing more than 100 g., the smallest 
g. or less. Despite this variation the dry weights of 
duplicate samples agreed to within 10 % in practic- 
ally all cases. 

Total RS as a percentage of the fresh weight of the 
tubers also showed an increase until the end of 
October when it remained more or less steady until 
growth began in April. It is not possible with the 
data available to estimate the changes in total 
carbohydrate taking place in a single tuber between 
November and April, but in view of the small 
changes in dry weight and total RS as proportions of 
the fresh weight of tuber it is reasonable to suppose 
that this change also must have been small and 
could not exceed 10 %. 

Free RS was very small during the period from 
July to April, constituting 1 % or less of the total 
RS. Larger amounts found in the Sussex tubers in 
April (3'8 % of total RS) and in the Yorkshire tubers 
in May 1951 (10-9 %), and Jime 1950 (27-8 %), were 
mainly accounted for as free fructose (see Table 2) ; 
there was no appreciable Tree glucose in any of the 
extracts examined. 

Koloso as percentage of total RS decreased 
noticeably, displaying differences similar to those 
recorded by Bacon & Edelman (1951; Table 4); in 
Yorkshire from 95 to 96 % in August it decreased to 
85% in March. The method of estimation used for 
ketoso is not ns satisfactorj' as that for reducing 
substances, but even if allowance is made for this, 
the docrcaso implies an increase in non-ketose RS 
(gkicoso) of about three- to four -fold. 

This increase in the proportion of glucose was 
accompanied by an increase in components wdth 
greater if,, values. As already noted by Bacon & 
Kdehnnn (1951), the fructose was distributed fairly 
evenly among these components ; in particular there 
was no marked change in spot 1 relative to spots 2-4. 

1 lie sum of the amounts of ketose in spots 1-4 as a 
l)ereontngo of the total ketose estimated, which may 
be taken ns a measure of the proportion of com- 
)ionents of lower molecular weight, increased in 
Yorkshim from only 9 % in August to 38 % in April, 
and in Su.ssox from 8 % in September to 48 % in 
April, the greatest change taking place in the 

2 months following the death of the foliage in the 
last week of October. 

Parall.'l with this ineren.se in the proportion of 
eou\ponei\ts of lower molecular weight tliero took 
idiu-e a elmnge of optical rotation in the positive 
dio'ct ion (Fig. 1 : a line lias been drami to emphasize 
the consistent trend shou-n during October, 
-November and December, despite the fact that 


August the rotation, expressed as an [tt]^ on the 

basis of the total reducing substances, was 22‘5 ; 

by April it had risen to -4- 3-5. Again, the most rapid 



Fig. 1. Seasonal changes in the optical rotation of extracts, 
plotted from the data in Table 1 . Yorkshire-grown tubers : 
•, free RS small ;J^, free RS large. Sussex-grown tubers. 


+10 



0 5 10 15 20 25 30 35 40 45 50 
Ketose in spots 1-4 as % total ketose • 

Fig. 2. Relation between the optical rotation of extracts 
and the sum of the ketose contents of spots 1-4 as per- 
centage total ketoso recovered, plotted from the data in 

r tubers: 0 , free RS small; A 

free RS largo. Sussex-groivn tubers, ■ . ’ 

rate of change took place following the death of the 
lobage. The close connexion between rotation and 
d«tr Jution of ketose in spots 1 to n is showm by 
ig. m winch the ketose in spots 1-4 as a percent^ 

14-2 
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age of the total ketose estimated is plotted against 
the [a]^ calculated from the total RS ; all the points 
for extracts containing little free RS lie on or near a 
straight line. 

The single extract made in July 1950 re- 
sembled the extracts obtained in November as 
far as [a]^, and the ketose distribution were con- 
cerned. It differed from them in its low content of 
total RS. 

That the changes observed are not simply the 
result of the rise in temperature following removal 
from cold ground was shown by analyses of tubers 
dug up in December and kept at laboratory temper- 
ature for a week (Table 1, 4 December 1950). 
Although the tubers lost considerable amounts of 
water the [a]a’s of the extracts were not significantly 
different from those of tubers of the same plant 
extraeted immediately after removal from the 
grotmd. 

DISCUSSION 

It has been shown by Bacon & Edelman (1951) and 
by Dedonder (1950) that the carbohydrates of the 
artichoke tuber are more nmnerous than had been 
thought previously, and both have suggested that 
they constitute a series of non-reducing substances 
which may be considered as being formed from 
sucrose by the addition -of one or more fructo- 
furanose residues. 

The results presented here show that in the living 
plant the relative amounts of these substances 
change in a consistent way during growth, dor- 
mancy, and germination of the tubers. This change 
is accompanied by a change in the optical rotation of 
the deproteinized extract which has a linear relation- 
ship to it, thus strengthening the idea that each 
‘spot’ on the paper cluomatogram represents a 
single substance. It is significant that the single 
extract made in July 1950 conforms to the relation- 
ship established with later samples, because although 
it has a low total RS content (as would be expected 
from the results for August and September), its 
[a]^ and distribution of ketose resemble those of 
November samples. 

Dedonder (19515) has described the action of yeast 
invertase on spots 1-4 (A, B, G, D in. his termin- 
ology); from this it might be expected that the 
juice from tubers harvested in the spring would be 
fermented more readily by yeast, as has been 
observed before (Thaysen et al. 1929). 

Certain suggestions as to the natme of the 
metabolic changes occurring in the tubers may be 
made on the basis of the present results. The most 
striking change is the increase in relative glucose 
content, shown by estimation of ketose as per- 
centage of total RS, and also by the increase in the 
proportion of the spots 1—4, which have relatively 
high glucose contents. Such a change could be 
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achieved by the action of the hydrolytic enzyme 
found in extracts (Edelman & Bacon, 1951a) 
followed by utilization of the fructose produced, 
but this would involve the disappearance of about 
three-quarters of the fructose present in October. 
Such an explanation would seem to he excluded 
by the indirect evidence available. Colin (1919) 
rejected the idea that the inulase of Green (1888) was 
responsible for the changes that he observed. 

An alternative explanation is that a slow con- 
version of fructose to glucose takes place (cf. 
Dedonder, 1951 d), probably not involving the 
formation of free sugars, and that from this glucose 
more sucrose is produced. Then by the transfructo- 
sidation reaction described by Edelman & Bacon 
(19516) a redistribution of fructose residues 
occurs, increasing the amounts of the substances 
of smaller molecular size at the expense of those of 
large. 

This would imply that during the period of 
carbohydrate storage the tendency is for substances 
of high molecular weight (and hence of low glucose 
content) to be formed. The analysis of the July 
tubers possibly represents the earliest stage of 
storage, when the amount of polysaccharide laid 
down is still small. 

The large ammmt of free fructose found in 
sprouting tubers could perhaps be due to a very 
greatly increased activity of the hydrolytic enzyme 
system during the extraction procedure, but more 
probably indicates the manner in which carbo- 
hydrate is mobilized. (In unpublished experiments 
we foimd no increase in the units of hydrolytic 
enzyme extractable from stored tubers during the 
period 8 March to 9 May 1949.) The decrease in 
proportion of spots 1-4 probably indicates that 
glucose is also being liberated, perhaps by hydrolysis 
of sucrose. 

It is not easy to see why the composition of the 
tubers should change in this way ; it may represent 
a reversal of the process by which polysaccharide is 
laid down during the period of photosynthesis. 
Similar changes would presumably take place if the 
tubers were harvested and stored in a suitably cbol 
and not too dry place. 

SUMMARY 

1. Analyses of dry matter, and of the ketose and 
combined reducing substances in aqueous extracts, 
have been made on tubers of the Jerusalem arti- 
choke during the period June 1950 to May 1951, 
confirming the occurrence of a change in carbo- 
hydrate composition during the winter months, 
already noted by several investigators. 

2. A change in the positive direction of the 
optical rotation of extracts has been correlated with 
an increase in the proportion of carbohydrate com- 
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ponents of lower molecular weight estimated by 
quantitative paper-partition chromatography. 

3. The significance of these findings is discussed 
in relation to the structures proposed by Dedonder 
(1951a) and Bacon & Edelman (1951) for the tuber 


carbohydrates and a suggestion is made ns to the 
nature of their metabolic intcrconvcrsion. 

We arc very grateful to Dr E. Dcdomlcr for sending n» n, 
copy of his Thesis on ‘Us glucidcs du topinnmbotir', wliicli 
contains much experimental detail not yet published. 
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Studies in Garotenogenesis 

4. NITROGEN METABOLISM AND CAROTENE SYNTHESIS 
IN PHYCOMYCES BLAICESLEEANUS 


Bv T. W. GOODWIN and J. S. WILLMER 
Department of Biochemistry, The University of Liverpool 

{Received 5 September 1961) 


Preliminary experiments on the relationship 
between nitrogen metabolism and carotenogenesis 
in. Phycomyces blakeslecanus (Garton, Goodwin & 
Lijinsky, 1951) suggested that carotene was not 
aynthesixed when well formed mycelial mats were 
transferred to a medium containing glucose but no 
assimilable nitrogen. The present paper records a full 
investigation into this aspect of the problem of 
carotene formation in Phycomyces. 

Part of this work has already been briefly 
described (Goodwin, Lijinsky & Willmer, 1951). 


EXPERIMENTAL 

The general cultural conditions,’ the technique of mycelial 
transfer, and the analytical methods for dry weight, lipid, 
and carotene determinations have previously been described 
in detail (Garton et at. 1951; Goodwin & Lijinsky, 1951). 
Nitrogen determinations were carried out using the micro- 
Kjeldlml method of Markham (1942). 


RESULTS 

Carotene production and nitrogen assimilation 
in growing cultures 

hlycelia Phycomyces cultured on media containing 
0‘2 % (w/v) of n-asparagine and either 2-5, 1-5 or 
1’0% (w/v) of glvrcose (unless otherwise stated the 
salt and ancurin concentrations are those used by 
Garton ct al. 1951) were harvested at various times 
after inoculation and analysed for dry weight, 


lipid, carotene and nitrogen. The results obtained 
using the medium containing 2-6% glucose are 
recorded in Fig. 1. From this figure it will bo seen 



^ J ^ weight, lipid, carotene and nitrogen content 
of developing Phycomyces cultured in an 8 oz. medicine 
bottle on 15 ml. of a standard medium (Garton el al. 19511 
contai^g 2-5% (w/v) glucose and 0-2% (w/v) aspara- 
6“®- □ n.dry weight; O — O, carotene;® — ■ linid 
• — •, nitrogen. ’ ^ 

that, assessed by cessation of either dry weishi 

SmSr assimilation, growth must he 
complete before carotene synthesis proceeds at al] 
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rapidly. Growth is complete within 4 or 5 days, but 
at this time carotene formation is only about 16% 
of the final arnoimt, which is rapidly synthesized 
within the next 2-3 days. Very similar results, 
which are not recorded here, were obtained using the 
medium containing 1-5% (w/v) of glucose, except 
that the amount of carotene sjmthesized was not as 
great. As would be expected from the previous 
results of Garton et al. (1951), after growth had 
ceased no further carotene was produced on the 
medimn containing 1 % of glucose owing to the 
absence of dissimilable glucose. 



Fig. 2. The nitrogen content of developing Phycomyces 
oultiured on media containing 0-2 % (w/v) of L-asparagine 
hut varying amoimts of glucose. O — O, 1% glucose; 
^ 1'25% glucose; • — •, 2% glucose.. 

Table 1. Total nitrogen concentration in mycelia of 
Phycomyces grown on media containing varying 
amounts of glucose 


Nitrogen concentration (%) in 
medium containing 


Age of 

f 

K 



culture 

1% (w/v) 

1-5% (w/v) 

2-5% (w/v) 

(days) 

glucose 

glucose 

glucose 

3 

6-8 

8-7 

7-9 

4 

12-3 

6-1 

5-4 

0 

517 

4-3 

4-5 

6 

5-8 

6-3 

4-3 

7 

4-3 

4-8 

4-6 

10 

4-9 

5-0 

3-7 

14 

5-2 

4-8 

4-0 


The results obtained for the nitrogen uptake on 
the different media are worthy of separate consider- 
ation. Fig. 2 shows that the maximal nitrogen 
content occm’s 3—4 days after inoculation, and is the 
same irrespective of the glucose concentration of the 
medium. In the case of mycelia grown on media 
containing excess glucose (2-5 %, w/v) most of this 
nitrogen is retained in the mycelia as they age. If, 
however, the media contain insufficient glucose it is 
clear from Fig. 2 that, as the mycelia mature, a 


considerable amount of the nitrogen is lost to. the 
medimn. Because dry weight production is 
directly proportional to, whilst the nitrogen uptake 
is independent of, the glucose concentration of the 
medium, yormg mycelia growing on a glucose-poor 
medium have a very high nitrogen concentration. 
This can be seen from Table 1 which also demon- 
strates that owing to the different rates at which 
nitrogen is lost from the mycelia, its concentration 
in all mycelia tends to be the same after about 
7 days’ growth. In older cultures, the nitrogen 
concentration of the mycelia grown on the glucose- 
rich medium again tends to be lower ; this is due to 
the maintenance of the mycelial weight in old 
cultures when sufficient glucose is present. On the 
glucose-poor media old cultures tend to decrease in 
dry weight. 
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Days after transference 

Fig. 3. The carotene content of mycelia after transference, 
when 4 days old, to hard media containing 2-5 % glucose 
and either: 0-2% (w/v) L-asparagine (unbuffered 

medium); A — A> nitrogen (unbuffered medium); 

• — •, 0-2% (w/v) L-asparagine (buffered mediim, 
pH 7); O — O, no nitrogen (buffered medium, pH ')> 
□ — □, 0-2% (w/v) L-asparagine (medium with high 
salt concn. see Table 2); A— A, no nitrogen (medium 
with high salt concn.). 

Carotene synthesis in the presence and 
absence of assimilable nitrogen 
The results just described suggest that the failure 
of Garton et al. (1951) to observe carotene synthesis 
by well developed mycelial mats dissimilatmg 
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glucose in the absence of nitrogen was due to a 
factor other than the absence of nitrogen from the 
medium. The onlj' cultural difference in the trans- 
ference experiments of Garton cl al. (1951) com- 
pared with the other experiments described by them 
was that the formed mycelia were transferred to the 
standard medium buffered at pHT’O; all other 
media were tmbuffered. A series of experiments was 
thus undertaken to test whether the buffering of the 
medium inhibited carotenogenesis tmder conditions 
known to be normally favourable to synthesis. As 
the buffering of the medium necessitated a consider- 
able increase in salt concentration of the medium, 
the effect of increasing this, irrespective of buffering 
power, was also investigated. The concentrations of 
the salts used to prepare the various media are 
recorded in Table 2 and the experimental results in 


Fig. 3 and Table 3. Fig. 3 shows that carotene 
synthesis on an imbuffored medium with a normal 
salt concentration is considerable, whether the 
medium contains nitrogen or not. On buffered 
media, on the other hand, no carotene is synthesized 
on the nitrogen-free media (there is actually a slight 
loss of carotene during the first day after trans- 
ference), whilst only a very small amount is syn- 
thesized when nitrogen is present. On media with 
only slight buffering capacity but with twice the 
salt concentration of the buffered media, i.e. ton 
times the normal salt concentration, caroteno- 
genesis still takes place, but to a somewhat lesser 
degree compared with the standard medium. 
Table 3 sho%vs that dry weight production is not 
appreciably affected by the ionic condition of the 
medium; lipogenesis, on the other hand, is stimu- 


Table 2. Salt concentration in media used to investigate the effect of buffering 
and salt concentration on carotene synthesis 


Constituent 

MgS04.7Hj0 

KH5PO4 

■Na,HP 04 


Concentration of salt % (w/v) 

A 


Standard 

Medium 

buffered 

Unbuffered 
medium with 
salt concn. 
equal to 
twice that 
of buffered 

Medium 

buffered 

Medium 

buffered 

medium 

to pH 7-0 

media 

to pH C-0 

to pH 5-2 

005 

005 

0-5 

0-05 

0-05 

0-15 

0-363 

1-5 

0-817 

0-885 

0-00 

0-568 

0-00 

0-094 

0-0237 


Table 3. Amounts of dry weight, lipid and carotene produced by well formed [^-day-old) mats of Phycomyces 
after transference to buffered and unbuffered media containing 3-0% [iv/v) of glucose and either no 
mtrogen or 0-2 % (wfu) of i^-asparagine as the sole nitrogen source 


{The salt concentrations of the various media are given in Table 2. The mats were grown on filter paper in Petri dishes 

of medium and transferred to similar dishes containing the same amount of medium 

isee lioodwm & lajmsky, 1951).) 


With nitrogen Without nitrogen 

^ , I ' 


xiiua aiMir 

transference 

(days) 

Dry wt. 

(mg-) 

Lipid 

(mg-) 



Lipid Carotene 

(%) (p.p.m.) 

1 

Dry wt. 
(mg-) 

Lipid 

(“g-) 

0 

A 

Lipid 

(%) 

Carotene 

(p.p.m.) 

1 

3 

5 



Standard medium 





383 

387 

294 

79 

74 

45 

20-6 210 

19-1 1060 

15-3 1070 

113 

103 

84 

68 

35 

21 

60-2 

34 

26 

. 500 
2070 
2410 

1 

2 

3 

4 

5 

142 

331 

356 

341 

382 

42 

110 

122 

125 

98 

Medium buffered at pH 
29-6 _ 

33- 2 45 

34- 2 73 

36-6 111 

34-6 74 

7-0 

34 

101 

72 

71 

18 

41 

39 

32 

62-9 

40-6 

64-1 

45-1 

0 

0 

0 

0 

0 

1 

3 

5 

237 

317 

369 

Medium with high salt concentration (unbuffered) 

™ 29-6 250 (-17) t 

27-5 420 ^ J 

“2 30-4 630 80 80 

25-4 

37-5 

1110 

1380 
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Table 4. Dry weight and lipid production of Phycomyces cultured on the standard medium 
(containing 3 % (wlv) glucose) buffered at various pH values 


Medium buffered Medium buffered Medium buffered 

at pH 7-0 at pH 6-0 at pH 5-2 Unbuffered medium 

^ A , A . _ 


Age of 
culture 

Dry 

Lipid 

^ 

Lipid 

Dry 

wt. 

Lipid 

Lipid 

Dry 

wt. 

Lipid 

1 

Lipid 

Dry 

wt. 

Lipid 

Lipid 

(days) 

(mg.) 

(mg-) 

(%) 

(mg.) 

(mg.) 

(%) 

(mg.) 

(mg.) 

(%) 

(mg.) 

(mg.) 

(%) 

4 

57-5 

17-4 

30-1 

48-5 

— 

25-6 

59-1 

17-0 

28-8 

63-5 

17-5 

27-5 . 

7 

103-0 

34-7 

33-7 

109-2 

36-4 

33-3 

98-3 

28-5 

28-9 

83-7 

14-3 

17-1 

11 

104-8 

33-6 

32-0 

104-9 

26-3 

25-0 

97-7 

21-7 

22-1 

69-7 

10-7 

16-3 

17 

93-4 

14-1 

15-0 

91-8 

16-8 

18-3 

96-5 

18-2 

19-0 






lated on media containing a high salt concentration 
probably irrespective of pH (see later). Lipo- 
genesis was also stimulated in the absence of nitro- 
gen ; up to 50 % of the dry weight formed by a well 
developed mat, after transference to a medium not 
containing nitrogen and buffered at pH 7'0, is lipid. 



Pig. 4. The concentration of carotene in mycelia grown on 
standard medium buffered at various pH values; 
O — O, medium buffered at pH 7-0; • — medium 
buffered at pH 6-0; A — A, medium buffered at pH 6-2; 
X — X , unbuffered medium. 

Also the corresponding changes in the pH of the media 

during growth; , medium initially buffered at 7-0; 

■ — ■, medium initially buffered at 6-0; □ — □, medium 
initially buffered at 5-2; unbuffered medium. 

On unbuffered media the synthesis of carotene by 
developed mats is relatively greater in the absence of 
nitrogen (Table 3), for the concentration of carotene 
in the dry matter produced by a mat dissimUating 
glucose in the absence of nitrogen is about twice that 
obsem’’ed when nitrogen is present in the medium. 

The results of a series of experiments.carried out 
to see if the effect of buffering the medium, just 
described for transferred cultures, is observed in 
ordinary cultures are recorded in Table 4 and Fig. 4. 
Three buffered media were used at pH 7-0, 6-0 and 
5*2 (see Table 2 for the salt concentration). It will 
be seen from Fig. 4 that the pH of the medimn 
buffered at 7-0 remained almost constant through- 
out the experiment at about 6-5 (the pH of the 


medium after inoculation with spore suspension), 
whilst those of the other buffered media fell to 4d 
and 3*8 respectively; the final pH of the control 
(tmbuffered) medium was 3-2. Carotene synthesis 
varied inversely with the pH of the medium. The 
total dry weight production was not affected by the 
pH of the mediiun, whilst, as in the case of trans- 
ferred cultures, hpogenesis was affected in exactty 
the opposite way to carotenogenesis, being con- 
siderably higher in media of high pH. 

DISCUSSION 

The results recorded in Fig. 1 show that, in the 
presence of excess glucose and a source of readily 
assimilable nitrogen, the major portion of carotene 
synthesis of Phycomyces occurs after growth (dry 
w'eight production and/or nitrogen assimilation) is 
complete. It appears, then, that most of the 
carotene is synthesized from the products of the 
dissimilation of glucose, quite probably under 
anaerobic conditions, for carotene accumulates in 
the surface of the mycelium in contact with the 
medium and, as the cultures are static, conditions in 
this region must be almost completely anaerobic. 
Carotenogenesis in Phycomyces could thus be an 
example of fermentative assimilation, a type of 
synthesis known to occur in yeasts (Clifton, 1946). 

The question natiually arises as to how the 
observation of Goodwin & Lijinsky (1951), that, in 
the presence of suboptimal amounts of glucose, L- 
valine and n-leucine stimulate carotenogenesis, fits 
in with these just reported. It will be seen from 
Fig. 1 that a small amoimt of carotene is always 
synthesized as the mycelimn is growing, thus indi- 
cating that the enzyme systems necessary for this 
synthesis are present in growing mycelia. If the 
amino-acid being used as the nitrogen source 
yields on deamination a carbon residue readily 
incorporated into the carotene molecule, then 
obviously the amount of carotene synthesized as the 
fungus is growing will be increased; this is what 
occurs with n-valine and n-Ieucine. 

There is now no doubt that the inability of Garton 
etal. (1951) to observe carotenogenesis inP/iycami/caJ 
mats dissunilating glucose in the absence of nitrogen 
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was due to their media being buffered at about pH 7. 
The present results show that in any medium in 
which the pH is not allowed to fall to 3 -2, carotene 
synthesis is considerably inhibited. A probable 
explanation of this is that, assuming that the pig- 
ments are produced by fermentative assimilation, 
the changes in pH alter the pathway of glucose 
dissimilation, and the production of the building 
units required for carotene synthesis is reduced. 
The classic example of this is the very sharp optimal 
pH for the production of citric acid by Aspergilltis 
niger, and tbe increased production of acids other 
than citric at other pH values (Bemhauer, 1926). 
The reduced synthesis by mats transferred to im- 
buffered media with a high salt concentration 
(Fig. 3) is probably due to the slight buffering power 
of this medimn rather than to any osmotic effects, 
for it was noted that during the experiment the pH 
of these media never fell below 3*8. The pH of 
normal media falls to 3-2 (Fig. 4). 

The present work.has demonstrated that .lipid 
production in Phycomyces depends also on the pH of 
the medimn, the higher the pH the greater the lipo- 
genesis. Again, this can be explained on the 
assumption of variation in the products of glucose 
dissimilation according to the pH of the medium. 
Similar variations in lipid production have been 
observed in A. niger (Pontillon, 1930) and A.ftsheri 
(Prill, Wenck & Peterson, 1935). 

Nitrogen metabolism 

The observations reported here on the assimila- 
tion of nitrogen by Phycomyces fall into line with 
those by Steinberg (1939) onA. nigger, i.e. the amoimt 
of nitrogen removed from the medium is very much 
the same regardless of the glucose concentration of 


the medium. The present work further shows that on 
media containing only alow concentration of glucose 
a considerable part of the nitrogen assimilated 
during the early stages of growth is rapidly lost ns 
the mycelin ago, probably owing to the utilization of 
nitrogen-containing material for the production of 
energy. On media containing adequate amounts of 
glucose little or no excretion takes place. 

SUMMARY 

1. The major portion of the carotene synthesized 
hy Phycomyces blakcslecamts, using a readily assimil- 
able soiu-ce of nitrogen which does not also provide 
a specific carotene precursor, is produced only after 
the mycelial mat is fully grown, as measured by dry 
weight production and/or nitrogen assimilation. 

2. Media buffered at high pH values (5-2-7-0) 
support normal growth of Phycomyces, although 
carotenogenesis is almost completely inhibited. 
Lipogenesis, on the other hand, is stimulated under 
these conditions. 

3. Well formed mats of Phycomyces dissimilating 
glucose can synthesize relatively more carotene in 
the absence of assimilable nitrogen than in its 
presence. Under these conditions lipid synthesis is 
also relatively greater on the nitrogen-free media. 

4. Nitrogen uptake by Phycomyces is independent 
of the glucose concentration of the medium. YTien 
the glucose concentration of the medium is low a 
considerable amount of the assimilated nitrogen is 
lost as the mycelia age. 

We wish to thank Prof. B. A. Morton, F.R.S., for his 
continued interest in this work and the Medical Research 
Council for b. grant towards laboratory expenses and a 
studentship to one of us (J.S.W.). 
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In a study of the pathogenesis of bovine ketosis it 
was felt desirable to be able to follow in some detail 
the changes in all three ketone bodies (acetone, 
acetoacetie acid and j5-hydroxybutyric acid) which 
have been shown by various workers to occur in 
excessive quantities in blood, milk and mme diming 
the course of that disorder. Hitherto, little or no 
attempt hasbeenmade at complete differentiation as 
both acetone and acetoacetie acid are usually deter- 
mined in the one fraction. Moreover, f so -propanol 
which we have found (Robertson, Thin & Stirling, 
1960) to be present in this disease and in pregnancy 
toxaemia of ewes, has been unsuspected hitherto in 
such conditions and, as it is oxidized to acetone by 
chromic acid, its presence will undoubtedly have 
influenced the estimation of total ketones by various 
methods. In this paper the term ‘Total Acetone 
Bodies’ is used, therefore, to include acetone, 
acetoacetie acid, j3-hydroxybutyric acid and iso- 
propanol. 

The accurate determination of free acetone in 
the presence of acetoacetie acid is difficult. Van 
Slyke’s method, using Deniges reagent (Van 
Slyke, 1917, 1929) which has frequently been uti- 
lized in ketosis studies, caimot be used to estimate 
free acetone ; in addition, it is not very sensitive as 
we have found that no precipitate is formed with 
small amounts of acetone bodies of the order of 
5 mg./lOO ml. or less. Moreover, using this method, 
isopropanol appears to be oxidized to acetone 
partly in the acetone plus acetoacetie acid fraction, 
and partly in the )3 -hydroxy butyric acid fraction, so 
making the accurate determination of the individual 
acetone bodies impossible. 

Attempts at . using the distillation methods of 
Shaffer & Marriott (1915) and Behr (1928, 1940) for 
free acetone by distUlation tmder reduced pressure, 
or by blowing a fine stream of air through the solu- 
tion at room temperature, in order to prevent 
acetoacetie acid decomposing, gave poor results, as 
with quantities likely to be present in biological 
fluids, only a small proportion of the acetone could 
be recovered. The method of Werch (1940, 1941), 
utilizing diffusion into Nessler’s solution in Conway 
microdiffusion units, though providing a very 
delicate qualitative test, did not give accurate 


quantitative results ; the time for the appearance of 
the precipitates varied and they coiild not be 
estimated gravimetricaUy with any degree of 
success. The following method was therefore 
devised, combining with some modification the 
oxidation technique of Greenberg & Lester (1944), 
the diffusion method of Werch (1940, 1941) and 
Seifert (1948), and the colorimetric technique of 
Behr & Benedict (1926). It depends on the develop- 
ment of an orange to red coloration when an alkaline 
solution of salicylic aldehyde is left in the presence 
of acetone, the depth of colour formed being directly 
proportional to the amount of acetone present. This 
can be used to estimate free acetone, the acetone 
formed by hydrolysis of acetoacetie acid, and that 
formed by chromic acid oxidation of jS-hydroxy- 
butyric acid and of isopropanol. 

METHODS AND RESULTS 

Apparatus. Microrefluxing apparatus (Greenberg & 
Lester, 1944); Conway microdiffusion units. 

Reagents. Approx. 0-15N-Ba(OH)j and approx. 2’5% 
(w/v) ZnSOj.THjO (Greenberg & Lester, 1944); 20ir- 
HjS 04 ; 10% (w/v) KjCr^O, ; 1-5% (w/v) KjCr^O, in 15-6 n- 
H 2SO4 ; 20% (w/v) acetic acid; 4 n-KOH; salicylic aldehyde 
supplied by British Drug Houses Ltd. 

Colour reagent. To 1 ml. of salicylic aldehyde are added 
8 ml. of 4 n-KOH and the solution well mixed; 2 ml. are used 
for each estimation. 

Preparation of standard graphs. A standard solution of 
acetone (3 ml.), prepared according to Behr & Benedict 
(1926) and containing 0-10 mg. acetone/lOO ml. of solution 
are placed in the outer chamber of a Conway dish with a few 
drops of 20% (w/v) acetic acid; 2 ml. of the colour reagent 
are placed in the inner chamber. The lid is put on firmly, 
after greasing the rim, and the dish is left 0'5-3 hr. in an 
incubator at 37°, or any other standard time and temper- 
ature that is convenient; alternatively, it may be kept at 
room temperature overnight, when the maximum colour is 
obtained regardless of temperature. It should not be left 
standing, however, more than 20 hr. as the colour reagen 
tends to blacken after this interval. A blank is run usmg 
water instead of the standard solution. . 

After the requisite time 0-5 ml. of the coloured solution m 
the central chamber is added to 2 ml. of water in a test tu e, 
and the resulting solution read in the Spekker photoelectric 
colorimeter against the blank similarly prepared, using 2 ml. 
cells and a blue-green filter (Ilford 603). 



y^j gj estbiation of acetone bodies 

Fig. 1 shows a graph prepared by estimating . 
known amounts of acetone. It will be seen that 
Beer’s Law is strictly adhered to over the range 
0-10 mg./lOO ml. Table 1 shows that results with 
standard acetone solutions are reproducible within 
+ 4%. 
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in water and blood showed the same limits of 
accuracy ns in direct estimation of standard solu- 
tions (Table 2). 



0-1 0-4 0-6 

Spekker reading 

Fig. 1. Standard curve for acetone, measuring the colour 
produced with alkaUne salicylic aldehyde against a blank 
after standing 2 hr. at 37°. Filter: blue-green, Ilford 603. 


Table 2. Rccovcrij of added acetone 
(The blank was 0 nig./lOO ml. in each case.) 

Acetone added Acetone found Enor 

(mg./lOO ml.) (mg./lOO ml.) . (/o) 

Standard acetone solution 


7-92 

7-80 

-1-5 

7-92 

8-00 

-i-1-0 

7-92 

8-10 

-t2-3 


Standard solutions in blood 


7-92 

8-01 

-l-l-l 

7-92 

7-83 

-1-1 

7-92 

8-10 

-i-2-3 

15-84 

16-20 

-1-2-3 

Standard solutions in blood (direct method) 

7-92 

8-00 

-H-0 

7-92 

8-10 

-t2-3 

7-92 

8-20 

-1-3-5 

15-84 

15-50 

-2-1 


Acetoacetic acid. Acetoacetio acid is determined by 
difference, the free acetone determined ns above being sub- 
tracted from the acetone plus acetoacetio acid value, ob- 

iainfiH AR fnllnwR. 


Table 1. Reproducibility using standard 
solutions of acetone 


Time 

Theoretical 

Acetone 


interval 

result 

found 

Error 

(hr.) 

(mg./lOO ml.) 

(mg./lOO ml.) 

(%) 

2 

7-92 

7-80 

-1-5 

2 

7-92 

8-00 

-1-1-0 

Overnight 

7-92 

7-70 

-2-8 

Overnight 

7-92 

8-10 

-1-2-3 

2 

1-98 

1-90 

-4-0 

2 

1-98 

2-03 

-1-2-5 

Overnight 

1-98 

2-00 

4-1-0 

Overnight 

1-98 

2-05 

-1-3-5 


APPLICATION TO BIOLOGICAL MATERIAL 


Acetone plus acetoacetio acid, A 3 tnl. sample of the super- 
natant solution is placed in the miororefluxing apparatus 
and 1-1 ml. of 20N-H2SO4 and a glass bead are added. The 
apparatus is shut firmly after applying a very thin film of 
grease to the ground-glass joint, the flow of water is started 
and the contents of the reflux tube boiled for 5 min. The 
apparatus is then cooled rapidly under running water, 
tipped to mix well, and 3 ml. of the solution are transferred 
to the outer chamber of a Conway dish for the determination 
of the acetone present. The factor in this case is 12-3. 

Recovery experiments were carried out as before, 
using commercial grade ethyl acetoacetate purified 
by distillation under reduced pressure. The results 
obtained (Table 3) came within ±4% of the 
theoretical amounts. 


Blood 

Protein precipitation; to 2 ml. of distilled water in a centri- 
fuge tube 1 ml. of blood is added and the solution well 
mixed; 3 ml. of 0-16ii-Ba(OH)2 are then added, followed by 
3ml. of 2-5% (w/v) ZnSOj.7HjO. The solution is well 
mixed, the tube stoppered and centrifuged. The clear 
supernatant liquid is used for estimating acetone, acetone 
plus acetoacetic acid and ‘Total Acetone Bodies’. 

Free acetone. A 3 ml. sample of the supernatant fluid is 
placed in the outer ohamberof agreaaedConwaydishandthe 
estimation carried out as above. Owing to dilution during 
precipitation and oxidation, it is necessary to multiply the 
results obtained from the standard graphs by the factor 9 to 
get the results in mg, acctone/100 ml. of original solution. 

Free acetone can also be estimated without pre- 
cipitation of protein if so desired. Recovery experi- 
ments which were carried out using the complete 
technique of precipitation etc. .onstandard solutions 


Table 3. Recovery of acetoacetic acid, 
expressed as acetone 


Amount Amount 

added found Blank 

(mg./lOOml.) (mg./lOOml.) (mg./lOO ml.) 

Standard solutions 
5 09 5-04 0 

5-09 5-04 0 

10-18 10-10 0 

10-18 9-84 0 

19-57 10.68 0 

19-57 19-88 0 


5-09 

5-09 

5-76 

5-76 

11-52 

11-52 


Standard solutions irv blood 


5-16 

0 

5-04 

0 

18-45 

12-92 

18-45 

12-92 

24-60 

12-92 

24-60 

12-92 


Error 

(%) 


-0-9 

-0-9 

- 0-8 

-3-3 

- 1 - 0-6 

-fO-6 


-1-4 

-0-9 

-4-0 

-4-0 

-fl-4 

-fl-4 
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Table 4. Recovery of isopropanol, expressed as acetone 


Mcrodistillation Method of Friedmann (1938) 

Amount , »■ — , a f 


added 

1 

Amount found 

Blank Error 

— ^ Z’ 

Amount found 

Blank 

Error 

(mg./lOO ml.) 

(mg./lOO ml.) 

(mg./lOO ml.) (%) (mg./lOO ml.) 

Standard solution 

(mg./lOO ml.) 

(%) 

7-43 

7-38 

0 -0-6 

7-26 

0 

-2-4 

7-43 

7-38 

0 -0-6 

7-50 

0 

-tO-9 

7-43 

7-38 

0 -0-6 7-25 

Standard solution in blood 

0 

-2-4 

7-43 . 

11-81 

4-31 -tO-9 

7-5 

0 

-1-0-9 

7-43 

11-81 

4-31 -fO-9 

7-25 

0 

-2-4 

7-43 

11-44 

4-31 -4-0 

7-26 

0 

-2-4 


isoPropanol. isoPropanol is oxidized to acetone under the 
conditions normally employed for estimating ‘Total 
Acetone Bodies’ and so is included in this term. It can also 
be estimated separately using a modification of Friedmann’s 
(1938) method in whioh the tsopropanol alone is oxidized to 
acetone. A Markham steam distillation apparatus is used in 
this procedure, except in the case of blood, as it is more 
convenient for small quantities, as well as being quicker and 
easier to clean between samples. 

A 50 ml. sample of blood is transferred to a large conical 
flask with 100 ml. . of distilled water, 10 ml. of IIgS 04 
solution (Friedmann, 1938) are added and the solution 
mixed, then 15 ml. of 10% (w/v) sodium tungstate and a 
little wax to prevent frothing. The solution is well shaken 
and steam-distilled, about 100-200 ml. of distillate being 
collected. 

The distillate is washed into a round-bottomed flask, 6 ml. 
of HgSO^ solution added and excess 10 % (w/v) Ca/OHjj 
suspension till the solution is alkaline. This solution is 
distilled directly into a conical flask, about 100 ml. of 
distillate being collected. 10 ml. of 20 N-H 2 SO 4 and excess 
KjCrjO, are added to the distillate and the flask, loosely 
corked, is either placed on a drying oven (about 50°) for 
2 hr., or left overnight at room temperature. 

The solution is then washed into a round-bottomed flask 
and about 60 g. MgSOi added. The solution is distilled direct, 
a little less than 100 ml. distillate being collected; this is 
made up to 100 ml. with distilled water in a graduated flask 
and the acetone content determined by placing 3 ml. of the 
resulting solution in the outer chamber of a Conway dish and 
proceeding as above, using the factor 5 for the calculation. 

Recovery experiments are shown in Table 4. The 
microrefluxing method used gave results similar to 
those obtained with Friedmann’s method. 

P-Hydroxybutyric acid. )3-Hydroxybutyrio acid is deter- 
mined by diflierence, the acetone plus acetoacetio acid plus 
isopropanol values being subtracted from the value for 
‘Tptal Acetone Bodies’, obtained as follows: a 3 ml. sample 
of the supernatant solution is placed in the microrefluxing 
apparatus with 0-7 ml. of 1'5% (w/v) KjCtjO, in 15'6 n- 
HjSOi, and a glass bead. The apparatus is closed firmly as 
before, the water flow started, and the contents boiled for 
10 min. The solution is taken off the boil and 0'4 ml. of 
10% (w/v) KjCrjO, run down the cold Gnger into the 
solution by means of a syringe. The apparatus is closed 
firmly again and the solution boiled for a further 10 min., 
cooled, tipped to mix the contents and 3 ml. transferred to 


the outer chamber of a Conway dish and the acetone content 
determined. The factor here is 12'3. 

The accuracy of the method for ‘Total Acetone 
Bodies ’ when done on acetone and acetoacetic acid 
solutions was within+3% (Table 6). Estimations 


Table 5. Recovery of ‘ Total Aeetone Bodies ’ 


Amount 

Amount 



added 

found 

Blank 

Error 

(mg./lOOml.) (mg./lOOml.) (mg./lOOml.) 

(%) 


Acetone in standard solutions 


9-50 

9-64 

0 

■fl-6 

9-50 

9-32 

0 

-1-9 

9-50 

9-32 

0 

-1-9 

23-76 

23-37 

0 

-1-6 

23-76 

23-37 

0 

-1-6 

23-76 

23-99 

0 

•fO-9 


Acetone in blood 


9-50 

12-97 

3-20 

-f2-8 

9-50 

12-42 

3-20 

-2-9 

9-50 

12-67 

2-95 

+2-3 

23-76 

27-06 

3-20 

+0-4 

23-76 

27-68 

3-20 

+3-0 

23-76 

26-45 

2-58 

+0-4 

Acetoacetic acid in standard solutions 

6-76 

6-78 

0 

+0-3 

11-52 

11-56 

0 

+0-3 


Acetoacetic acid in blood 


5-76 

27-48 

21-89 

-3-0 

11-52 

33-33 

21-89 

-0-7 


of )S-hydroxybutyTic acid in the quality obtainable, 
namely, British Drug Houses Laboratory Reagent, 
gave a practically consistent error of approx. 40 % 
in both standard solutions and in blood (Table 6). 
Various modifications of this method which were 
tried, such as altering the concentration of chromic 
acid, varying the time of oxidation and varying the 
concentration of )3-hydroxybutyric acid, all failed to 
give any increase in the percentage recovery. It was 
thought that part of this discrepancy might be due 
to impurity, but at oiu request Messrs British Dimg 
Houses Ltd. kindly examined their product which 
we had used, the sodiiun salt of p-hydroxybutyric 
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acid, and reported that it gave the expected 78 % 
yield of acetone when examined by the method of 
Greenberg & Lester (1944) and that an approximate 
determination of purity by precipitation of the 
sodium with hydrochloric acid in ethanol, followed 
by the removal of the acid into ether , gave a result of 
about 98 %. A determination of the sodium content 
from sulphated ash also gave results equivalent to 
98 % purity. 
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Table 6. Recovery of p-hydroxybutyric acid, 
expressed as acetone 


Amount 

Amount 



added 

found 

Blank 

Error 

(mg./lOO ml.) 

(mg./lOO ml.) 

(mg./lOO ml.) 

(%) 


Standard solutions 


5-08 

3-07 

0 

39-6 

5-08 

3-07 

0 

39-6 

5-08 

3-08 

0 

39-4 

1015 

6-13 

0 

39-6 

10-15 

6-13 

0 

39-6 

10-15 

6-26 

0 

38-3 

15-24 

9-10 

0 

40-3 

15-24 

9-10 

0 

40-3 

15-24 

9-35 

0 

38-6 


Standard solutions in blood 


6-08 

7-38 

4-31 

39-6 

6-08 

5-41 

2-34 

39-6 

5-08 

5-29 

2-34 

41-9 

10-15 

9-84 

3-73 

39-8 

10-15 

9-84 

3-73 

39-8 

10-16 

10-08 

3-73 

38-3 

16-24 

13-16 

3-73 

38-1 

15-24 

12-79 

3-73 

40-5 

15-24 

13-16 

3-73 

38-1 


about 100 ml. of distillate being collected. This is repeated 
with a further 10 ml. of liquid and the distillates added. 

The combined distillates are washed into a round- 
bottomed flask and 5 ml. of HgSOi solution and excess 
10% (w/v) Ca{OH)j suspension added. This solution is 
distilled direct and the procedure then follows that given for 
blood. 

Milk 

As milk contains many reducing substances it is necessary 
to dilute the solution still further in order to get full oxidation 
of jS-hydroxybutyric acid and isopropanol to acetone. This is 
achieved by precipitating the protein as follows: a 0-4 ml. 
sample of milk is added to 4-0 ml. of distilled water, 2 ml. 
of 0-15K-Ba(OH)2 solution and 2 ml. of 2-5% (w/v) 
ZnS 04 . 7 H 20 arc added. The tube is stoppered after mixing 
the contents and centrifuged ns before. 

The technique employed is the same as for blood except in 
the case of isopropanol where the method is similar to that 
used for rumen contents. 

The factors are, for free acetone 22-5, for acetone plus 
acetoacetic acid and ‘Total Acetone Bodies’ 30-75 and for 
isopropanol 5. 

Urine 

The procedure and factors are the same as for blood except 
in the case of isopropanol, where the rumen technique is used, 
and the factor is 6. 

In certain acute cases of acetonaemia, the content of 
‘Total Acetone Bodies’ in urine rises to several hundred 
mg./lOO ml. In these cases it is advisable to dilute the 
protein-free liquid still further before oxidation. ■ 

Recovery experiments carried out on milk and 
urine using added acetone gave the results shotvn in 
Table 7. 


From our results it would appear, therefore, that 
chromic acid only oxidizes 60 % of the ^-hydroxy- 
butyric acid present to acetone imder the above 
experimental conditions, as contrasted with the 
"^8% yield of acetone obtained by Greenberg & 
Lester (1944) using rather different conditions. As 
our method of determination yields results con- 
sistently 40 % low, then to determine the true 
amount of ^-hydroxybutyric acid in a sample the 
value obtained by subtraction must be multiplied by 
6/3. This corrected value added to the previously 
determined acetone plus acetoacetic acid plus •iso- 
propanol value will then give the true amount of 
‘Total Acetone Bodies’ present. 

Rumen contents 

The rumen contents are strained through surgical gauze 
to remove largo pieces of food, and the moderately clear 
hqmd IS used for the estimations. The protein is precipitated 
as for blood and the procedure and factors are the same 
except for i^opropanol, where the factor is 5 and the 
procedure as follows: a 10 ml. sample of the filtered rumen 

witro'" F steam-distillation apparatus 

mo) ~i ”) ■ solution (Friedmann, 1938) and 2 ml. 

>0 .0 (v/v) sodium tungstate solution, and steam distiUed 


Table 7. 

Recovery of added acetone from 


milk and urine 


(The blank value was 0 nag./lOO ml. in each case.) 

Acetone added 

1 Acetone found 

Error 

(mg./lOO ml.) 

(mg./lOO ml.) 

(%) 


Jlflk 


7-92 

7-88 

-0-6 

7-92 

7-88 

-0-5 

7-92 

7-88 

-0-5 

15-84 

16-20 

-t2-3 

15-84 

16-20 

4-2-3 


Urine 


7-92 

7-83 

-1-1 

7-92 

7-83 

-1-1 

7-92 

8-10 

4-2-3 

15-84 

15-93 

4-0-5 

15-84 

15-75 

-0-5 


Interference 



The following substances were tested for inter- 
ference m the estimation of acetone bodies: acetic 
acid, lactic acid, sodium chloride, cholesterol, urea 
formaldehyde and acetaldehyde. With the exception 
of acetaldehyde, the results obtained showed there 
was no interference. This compound in concentra- 
tions as low as 3 mg./lOO ml. reacts with the colour 



222 


- C. THIN AND' A. KOBERTSON 


reagent to give a slightly opaque orange solution. 
The interference is lessened a little after boiling with 
chromic acid, but not sufficiently to allow of an 
accurate determination even of total ketones in the 
presence of such amounts of this material. 

Recovery from mixed solutions 

From the preceding tables it can be seen that 
using standard solutions of one of the ‘Acetone 
Bodies the errors lay within the range ± 5 % except 
in the case of jS-hydroxybutyric acid where the per- 
centage yield of acetone was only 60, a discrepancy 
which is overcome by the use of the appropriate 
factor. 

Experiments were carried out with similar 
small errors on standard mixtiires of ‘Acetone 
Bodies ’ after complete precipitation and oxidation 
(Table 8). 
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Estimations were also carried out on standard 
mixtures in blood and in rumen contents (Table 9), 
and the experimental errors were again found to lie 
within the same range. However, the concurrent 
experiments carried out using Deniges’ method gave 
percentage errors with a much wider range. 

.DISCUSSION . ' 

From the results it can be seen that the method is 
readily applicable to two significant biological 
materials, namely, blood and rumen contents, in 
acetonaemia and pregnancy toxaemia. It can equally 
well be used for milk and urine with no appreciable 
change in precipitation and oxidation technique. 

Although by no means perfect it is the first 
relatively simple method of obtaining a fairly 
adequate and reasonably accurate differentiation of 
the various ketone bodies involved in ruminant 


Table 8 . Recovery of mixtures of ketone bodies using standard solutions 



Theoretical result 

Amount found , 

Error 

Slixture 

(mg./lOO ml.) 

(mg./lOO ml.) 

(%) 

Acetone 

7-92 

, 7-75 

-2-1 

Acetoacetic acid 

3-81 

3-68 

-34 

isoPropanol 

743 

7-50 

+ 0-9 

^-Hydroxybutyric acid 

O-08 

5-30 

+4-3 

Acetone 

7-92 

7-75 

-2-1 

Acetoacetic acid 

3-81 

3-81 

0 

isoPropanol 

743 

7-15 

-3-7 

^-Hydroxybutyric acid 

1045 

9-99 

- 1-6 

Acetone 

15-84 

' 15-30 

-34 

Acetoacetic acid 

7-62 

7-45 

-2-2 

isoPropanol 

14-86 

14-00 

-5-7 

* K K 

^-Hydroxybutyric acid 

16-45 

• 14-60 

-5-6 


Table 9. Recovery of mixtures 


E.xp. 

no. 

1 . 


3 


4 


Mixture 


Acetone 

Acetoacetic acid 
isoPropanol 
/?-Hydroxybutyric acid 

Acetone 

Acetoacetic acid 
isoPropanol 
|3-Hydroxybutyric acid 

Acetone 

Acetoacetic acid 
isoPropanol 
jS-Hydroxybutyric acid 


Acetone 

Acetoacetic acid 
isoPropanol 
jS-Hydro.xybutyric acid 

Acetone 

Acetoacetic acid 
isoPropanol 
jS-Hydroxybutyrio acid 


Amount 

Amount 


Amount 

added 

found 

Blank 

recovered 

(mg./lOO ml.) 

(mg./lOO ml.) 

(mg./lOO ml.) 

(mg./lOO ml. 

In blood 



7-92 

7-87 

0 

■ 7-87 

3-81 

3-63 

0 

3-63 

7-43 

7-25 

0 

7-25 

5-08 

9-60 

4-30 

5-30 

7-92 

8-03 

0 

8-03 

3-81 

3-53 

0 

3-53 

7-43 

7-25 

0 

7-25 

10-16 

18-90 

8-20 

10-70 

15-84 

15-30 

0 

15-30 

7-62 

7-46 

0 

7-46 

14-86 

15-00 

0 

15-00 

15-45 

23-17 

7-18 

15-99 

In rumen contents 



7-92 

7-87 

0 

7-87 

3-81 

3-93 

0 

3-93 

7-43 

7-25 

0 

7-25 

5-08 

8-08 

3-17 

4-91 

15-84 

15-50 

0 

15-50 

7-62 

7-10 

0 

7-10 

14-86 

14-40 

0 

14-40 

15-45 

18-50 

3-03 

15-47 


Error 

(%) 


_0-6 

-:5-8 

-24 

+4-3 

+ 1-0 
-7-0 
-24 
+ 54 

-34 
- 0-2 
+ 0-9 
+ 3*5 


- 0-6 
+3-2 
-24 
-3-3 
- 2-1 
- 6-8 
-3 1 
+ 04 



estimation of acetone bodies 
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pathology and should prove of value in throwing 
further light on the pathogenesis of varioiis condi- 
tions in which acetonaemia is a prominent feature. 

SUIdMARY 

1. A method has been devised for the estimation 
as acetone of the individual ketone bodies— 
. acetone, acetoacetic acid, ^-hydroxybutync acid 
and fsopropanol— within the range 0-120 mg. 
acetone/100 ml. 


2 The basis of the method is the diffusion of 
acetone into an alkaline solution of salicylic alde- 
hyde with the production of an orange-red colour, 
the intensity of which is measured in a photo- 
electric colorimeter. , . , . 1 

3. The application of the method to biological 

materials such as blood, milk, urine and rumen 
liquor is described. 

We are indebted to the Agricultural Research Council for 
a grant which defrayed the costs of this investigation. 
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The Preparation and Properties of /3- Glucuronidase 

3. FRACTIONATION AND ACTIVITY OF HOMOGENATES IN ISOTONIC MEDIA 

By P. G. walker 

Rowett Research Institute, Bucksburn, Aberdeenshire 
(Received 21 July 1951) 


The first paper in this series (Kerr & Levvy, 1951) 
dealt with the fractionation of glucuronidase 
activity in water homogenates of mouse liver and 
other organs which is brouglit about by buffering to 
slightly acid pH. Changes in the glucuronidase 
activity of a tissue with the state of proliferation 
(Levvy, Kerr & Campbell, 1948; Kerr, Campbell & 
Levvy, 1949, 1950) were seen to be confined to 
the non-precipitable fraction. In the second paper 
(Walker & Levvy, 1951), it was shown that an 
identical fractionation of mouse-liver glucmoni- 
dase in untreated water homogenates could be 
achieved on the high-speed centrifuge, and that 
the sedimentable fraction was associated with 
cj-toplasmic granules of all sizes. The use of water in 
preparing tissue homogenates caused pronounced 
osmotic swelling of the nuclei and other subceUidar 
particles, leading sometimes to disruption. Homo- 
genizing in isotonic media tends to preserve these 
bodies, and the present paper deals with the parti- 
tion of glucuronidase activity between sedimentable 
material and the suspension fluid after homogenizing 
mouse liver in isotonic sodium chloride or sucrose 
solution. It was found that liver preparations did 
not display their full glucuronidase activity until a 
considerable proportion of the enzjnne had been 
brought into solution. 


METHODS 

Preparation and fractionation of the enzyme. Unless stated 
to the contrary, the mouse liver was ground for 1 min. in the 
glass homogenizer (average speed 5000 rev./min.) uith 
sufficient water, 0-173i-NaCl or 0'25si-sucrose solution to 
give a final tissue concentration of 10%, and samples were 
taken for assay. Following the procedure already described 
(Walker & Levvy, 1951) fractionation was then carried out 
either by centrifuging at a high speed (25000 ^ for 15 min.), 
or by adjusting the pH to 5-2 xvith acetate or citrate buffer 
(final concentration 0-1 n) and centrifuging at a low speed 
(1500 g fbr 15 min.). In the majority of experiments, the 
figure for sedimented enzyme activity was found by 
difference from the figures for total and unsedimented 
enzyme, the assumption being made that the latter was 
uniformly distributed between supernatant and precipitate. 
Control experiments to teat this assumption, similar to those 
carried out with water homogenates (Walker & Levvy, 
1951), showed that it also held for the homogenates in 
isotonic media. 

Enzyme assay. After homogenizing liver in isotonic media, 
the enzjme associated rrith the suboellular particles did not 
display its full potential activity (see below). Unless other- 
wise stated, therefore, such homogenates were treated prior 
to assay by shaking with BaUotini, grade 12 (Chance Bros. 
Ltd.) m the Mickle tissue disintegrator (Mickle, 1948) for 
10 mm. When the sedimented material from these homo- 
pnates was subjected to direct assay, it was found sufficient 
to rehomogenize in water. 
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The enzyme preparations, fractionated or unfractionated, 
were usually diluted to a final volume of 40 ml./g. moist 
tissue, and 0’5 ml. was transferred to a tube containing 
0-5 ml. O'Ol M-phenolphthaieingiucuronide solution (Talalay 
e( al. 1946) and 3 ml. Odn-acetate or citrate buffer, pH 6-2. 
The same buffer was used in the assay as had been used in 
fractionation. The remainder of the procedure followed that 
described by Kerr & Levvy (1951). Results are expressed as 
glucuronidase units (o.u.), where 1 g.tj. liberates 1 pg. 
phenolphthalein in 1 hr. at 37°. 

Microscopy. As before (Walker & Levvy, 1951), prepara- 
tions were examined under phase contrast. 


RESULTS 

Fractionation of homogenates in isotonic media 

Table 1 shows typical results obtained for the frac- 
tionation of glucuronidase activity in adult and 
infant mouse liver homogenized in water, 0T7 m- 
sodium chloride and 0'25M-sucrose solution. The 


1952 

In water the greater part of the activity was in a 
soluble form, but in the two isotonic media the 
soluble enzyme only accounted for 10-15 % of the 
total activity. As already noted (Kerr & Levvy, 
1951), the activity of the soluble fraction in a water 
homogenate of infant liver was higher than that in 
adult by an amount corresponding to the overall 
increase in activity. This was certainly not the case 
for homogenates in isotonic media, although the 
activity of the soluble fraction showed some in- 
crease in infants as compared with adults. Sodium 
chloride and sucrose did not act in these experiments 
as precipitating agents for enzyme soluble in water 
alone, but produced their effect by preserving some 
form of union between the enzyme and insoluble coll 
debris during homogenization. This was sho^vn by 
experiments in which homogenates in water were 
subsequently made 0-17 m with sodium chloride or 
0-25 M wnth sucrose. The partition of the enzyme 
remained characteristic of a water homogenate. 


Table 1. Fractionation of mouse-liver glucuronidase 
activity with acetate buffer after homogenizing in 
water or in isotonic solution 

(Insoluble enzyme activity found by direct measurement.) 


Homogenizing r- 
fluid 

Total 

X 

Soluble 

Insolublef 

Normal adult: 

Water 

2900 

1740 

1140 

0-17iii-NaCl 

2920 

280 

2600 

0-25M-Sucrose 

2850 

220 

2530 

Infant (4 days old) : 

Water 

4810 

3600 

1240 

0-17M-NaCl 

4800 

780 

4020 

0-25M-Sucrose 

4720 

720 

4080 


* For definition of g.u. see ‘Enzyme assay’. 

■i Washed once on centrifuge with one-tenth volume of 
O'lu-acetate buffer; wash fluid added to soluble fraction. 

figures for normal adult were all obtained with 
samples of the same liver, whilst the infant -figures 
refer to litter mates. Fractionation was carried out 
with acetate buffer, and in these particular experi- 
ments the figiues for total, soluble and insoluble 
enzyme activity were all obtained by directmeasme- 
ment. The results illustrate the following points. 
With either adult or infant liver, the total activities 
for all three types of preparation were in agreement. 
In each individual case, the figure for the total 
agreed within experimental error with the sum of the 
figures for the two fractions. There was, however, 
a striking difference between water homogenates on 
the one hand and homogenates in sodium chloride 
or sucrose solution on the other in the partition of 
enz3une activity between the two fractions. 



Fig. 1. Supernatant glucuronidase activity after centri- 
fuging unbuffered homogenates of normal adult mouse 
liver at varying speeds for 15 min. Results expressed as 
percentages of the initial homogenate activity. 0 — 0i 
liver homogenized in 0-17M-NaCl; •'t-#, same liver 
homogenized in water and then made 0-17 m ^th NaCl; 

O O, bver homogenized in 0-25M-sucrose; • 

same liver homogenized in water and then made 0-2oM 
with sucrose. The horizontal lines indicate the values for 
acetate soluble enzyme in the various preparations. 

As with water homogenates (Walker & Levvy, 
1961), the fractionation of glucuronidase activity 
produced by centrifuging at a high-speed un- 
buffered homogenates in isotonic media was identica 
to that produced by acetate buffer. This is shown m 
Fig. 1 for adult mouse liver. As a control for the 
effect of the homogenizing medium on the rate o 
sedimentation of subcellular particles, the ti^ue 
was also homogenized in water alone, and sodium 
chloride or sucrose was added before centrifuging- 
In each preparation, sedimentation on the hig i- 
speed centrifuge ceased when the figure for aceta e 
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soluble enzyme 'was reached. At this stage, sub- 
sequent addition of acetate buffer to the super- 
natant caused no further separation of enzyme. As 
already noted (Wallrer & Lewy, 1951), sodium 
chloride caused agglutination and more rapid 
sedimentation of subcellular particles. Sucrose did 
not produce this effect. Considering either isotonic 
medium separately, it can be seen that the complete- 
ness of sedimentation of the insoluble enzyme at any 
given relative centrifugal force (R.c.r .) value was the 
same as in the appropriate control. 

In spite of the higher overall glucuronidase 
activities of infant liver and liver regenerating after 
partial hepateotomy fLewy et al. 1948), the sedi- 
mentation of the insoluble enzyme in homogenates 
in either isotonic medium followed the same course 
as that shown in Fig. 1 for the normal adjilt tissue. 


Microscopic observations 

Sucrose homogenates. The components of a homo- 
genate of mouse liver in 0'25M-sucrQse resembled 
closely in appearance those described in similar 
preparations of rat liver (Hogeboom, Schneider & 
Pallade, 1048). The nuclei were smooth in outline 
and structureless, and granules of all sizes were 
discrete, uniformly dense and spherical. Complete 
sedimentation of insoluble enzyme was associated 
with the removal of all but a very few of the smallest 
visible particles from the suspension. Buffering the 
homogenate to pH 5-2 with acetate led to aggluti- 
nation of all the visible components, and con- 
sequently much greater ease of sedimentation (cf. 
Walker & Levvy, 1951). 

Saline homogenates. Compared with their appear- 
ance in sucrose homogenates, the nuclei in homo- 
genates in 0-17M-sodium chloride were small, dark 
and granular, with well marked nucleoli. The 
granules were similar in appearance to those in 
sucrose homogenates, but were loosely agglutinated. 

Water homogenates. As already noted (Walker & 
Levvy, 1951), the nuclei and granules showed pro- 
nounced osmotic swelling. The former were pale 
with faint nucleoli and were sometimes vacuolated. 
The latter were discrete, spherical and vesicular, 
with much less contrast than the granules in sucrose 
or saline homogenates. 

On progressive dilution with water, the nuclei and 
granules in a saline or sucrose homogenate took on 
the appearance of those seen in water homogenates, 
without perceptible fragmentation of the larger 
granules. On making a water homogenate isotonic 
with sodiim chloride or sucrose, however, the 
particles did not revert completely to the appear- 
ance typical of a homogenate prepared in the iso- 
tonic medium. Most of the granules became smaller 
and darker, but irregular in outline, while the 
nuclei became slightly cronated. 

Bioclictn. 1952, 51 


Factors injluencing the partition of enzyme activity 
in the homogenate 

It would appear from the experiments described 
above that the greater part at least of the soluble 
glucuronidase activity in a water homogenate of 
mouse liver is not originally free in the cytoplasm of 
the intact cell, but is liberated from the insoluble 
particles during the preparation of the homo- 
genate. The effects were studied of three variables 
which might conceivably influence the final parti- 
tion of enzyme activity after grinding the tissue in 
the glass homogenizer, namely, the temperature of 
the homogenizer, the period of homogenizing and 
the tonicity of the medium. 

Temperature. The freshly dissected, chilled tissue 
was homogenized with cold 0‘25M-sucrose solution 
for 1 min. in a glass homogenizer surroimded with 
crushed ice. The centrifuge tubes were also sur- 
roimded with ice during the subsequent fractionation 
using the acetate buffer method. Results obtained 
in this way were identical with those obtained for 
another sample of the same liver put through the 
same treatment without temperature control. This 
was also true for a third sample of liver homo- 
genized at 37° and then fractionated in the usual 
way. 

Period of homogenizing. Portions of adult liver 
were homogenized for varying periods, without 
temperature control, and fractionated by buffering 
with acetate. The results reveal a progressive release 
of enzyme from the particles to the solution as 
homogenizing was prolonged (Table 2). The time 
factor was least marked in water. There was no 
inactivation of the enzyme in these experiments. 


Table 2. Fractionation of adult mouse-liver glucu- 
ronidase activity after grinding in the glass homo- 
genizer for varying periods with water, 0- 17 M-NaCl 
or 0-25m - sucrose solution 


Period of 
homogenizing 
(min.) 

0-5 
1 
2 
3 

5 75 


0-17M-NaCl 0-25M-Sucrose 


9 

7 

11 

8 

15 

15 

19 

20 

26 

25 


Acetate-soluble enzyme 
(% total activity) 

Water 

64 
66 
70 
73 


An attempt was made to reduce the figure for 
soluble enzyme activity in an isotonic preparation 
below the lowest given in Table 2. Liver was ground 
in a chilled mortar with 0-25M-sucrose solution and 
strained through bolting silk. The preparation thus 
obtamed was very similar in its microscopic 
appearance to the usual sucrose homogenate, and 
had the sanae percentage soluble enzyme activity 
as the 0-5 min. homogenate (Table 2). 
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Tonicity, Fig. 2 shows the partition of enzyme 
activity after homogenizing adult liver for 1 min. in 
varying concentrations of sucrose. No change in the 
value for acetate-soluble enzyme was observed in 
passing from the isotonic to hypertonic medium, 
but as the medium was made increasingly h 5 rpotonic 
there was a progressive rise in the activity of this 
fraction rmtil the figure for water was reached. The 
overall glucuronidase activity of the preparation 
did not vary with the concentration of sucrose. 



Fig. 2. Acetate-soluble glucuronidase activity in mouse- 
liver preparations after homogenizing in varying concen- 
trations of sucrose. Results expressed as percentages of 
the total homogenate activity. • — •, adult; O — O, 
4-day-old. 

Fig. 2 also shows that at all concentrations of 
sucrose, infant liver had a greater proportion of the 
enzyme in a soluble form than the adult tissue. The 
difference became more marked with decreasing 
concentration of sucrose till in water alone, as 
already noted, it accovmted entirely for the higher 
overall activity of the infant tissue. Similar curves 
were obtained for liver homogenized in sodium, 
chloride solutions covering the same range of 
tonicity. 

Measures causing the release of enzyme 
from insoluble material 

Dilution with water. On dilution with water, 
enzyme was released from the particles in homo- 
genates prepared in isotonic sucrose or sodium 
chloride solution, to give a distribution identical to 
that obtained by homogenizing directly in media of 
the same final tonicity. The change in the distribu- 
tion of the enzyme appeared to be instantaneous. 

Incubation at 37°. It was previously foimd for 
water homogenates (Kerr & Levvy, 1951 ; Walker & 
Tevvy, 1951) that incubation in acetate buffer, 
pH 5-2, at 37° for 4 hr., converted all the enzyme 
present into a soluble form, with little change in the 
microscopic appearance of the insoluble particles. 
This property of acetate was not shared by citrate. 
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nor did release of enzyme from the particles occur on 
incubating unbuffered preparations. 

Homogenates in O-IT M-sodium chloride or 0-25 m- 
sucrose solution behaved like water homogenates in 
that incubation for 4 hr. after buffering to pH 5-2 
with acetate (final concentration OTn) without 
change in tonicity resulted in the conversion of 
enzyme into a soluble form, although conversion 
was not so complete as in water. When acetate was 
replaced by citrate buffer (final concentration 0-1 n) 



Fig. 3. Changes in the partition of the glucuronidase 
activity in a homogenate of adult mouse hver in 0'17 m- 
NaCl solution after incubating at 37° for varying periods. 
Acetate-soluble enzyme expressed as a percentage of the 
total homogenate activity. O — 0> unbuffered homo- 
genate; X — X , homogenate made 0-1 n with respect to 
acetate buffer, pH 5-2. 

at pH 5-2, or when the unbuffered preparation was 
incubated at its natural pH (6-5-6-8), the release of 
enzyme from the particles was much slower and 
tended to a maximum at the figme for soluble 
enzyme in a water homogenate. This is illustrated 
for a saline homogenate in Fig. 3. In the unbuffered 
preparations incubation resulted in a change in the 
microscopic appearance of the particles, resemblmg 
that observed when homogenates in isotonic media 
were diluted with water (see ‘Microscopic observa- 
tions’). No enzyme inactivation was observed in 
these experiments. 

Mechanical disintegration. As previously noted 
for water homogenates (Walker & Levvy, 1951)> 
shaking with Ballotini in the Mickle tissue disin- 
tegrator caused almost complete release of the 
enzyme from the particles in a homogenate m 
isotonic sodium chloride or sucrose solution, with- 
out appreciable inactivation. The Waring Blender 
has been found to act similarly in this respec 
(Table 3), practically all the enzyme in liver or a 
liver homogenate being converted to a soluble form 
in 3 min., without any loss in overall activity, 
this stage, all the components of the preparation 
were seen tmder the microscope to have undergone 
fragmentation, with complete loss of structure. 





from water homogenates for the assay of tissue 
glucuronidase activity {see Kerr & Levvy, 1951). It 
can be seen from Table 3 that the use of the Warmg 
Blender instead of the glass homogenizer can lead to 
a very different value for the glucuronidase activity 
of a tissue in such methods of assay (cf. Fishman & 
Talalay, 1947). 

Table 3. Fractionation of adult mouse-liver glucu- 
ronidase activity after treatment for varying periods 
in the Waring Blendor 

(The starting material consisted of liver which had 
previously been ground in water, 0'17M-NaGl or 0*25 m- 
sucrose solution in the glass homogenizer for 1 min., or the 
whole organ to which water was added in the blender.) 

Acetate-soluble enzyme 
(% total activity) 
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It has been customary to use the superna,tante pistribution of the enzyme according to particle size 

Fractional sedimentation of mouse-liver homo- 
genates in 0-25M-sucrose solution was carried out by 
a procedure which followed that of Schneider & 
Hogeboom (1950) as closely as our equipment 
permitted. 

Fraction 1. A 10% homogenate (10 ml.) was 
centrifuged for 10 min. at 700 g and the super- 
natant was decanted. The residue was resuspended 
in 8 ml. isotonic sucrose solution and sedimented ms 
before. The debris, consisting of nuclei contami- 
nated with erythrocytes, unbroken liver cells and 
cytoplasmic granules, was resuspended for assay. 

Fraction 2. The combined supernatants from 
fractionl were centrifuged at 5000 g for 10 min., and 
the supernatant was decanted and again centrifuged 
at 5000 g for 10 mini Two washings of the combined 
sediments were carried out by suspending the solid 
in 6 ml. sucrose solution and centrifuging at 20 000 g 
for 10 min. The debris, a fairly homogeneous pre- 
paration of the larger cytoplasmic granules, was 
finally resuspended for assay. 

Fraction 3. Values for this fraction, consisting of 
all remaining insoluble material in the preparation, 
were found by difference, since centrifuging at 
25 000 g (the maximum n.e.r. value at our disposal) 
did not give a sufficiently well packed sediment for 
clean separation. The supernatant and washings 
from fraction 2 were combined and aliquots were 
taken for assay. The figures thus obtained and those 
for fraction 4 gave by difference the figures for 
fraction 3. 

Fraction 4. The remainder of the preparation was 
centrifuged at 25 000 g for 20 min. and the super- 
natant was decanted. After recentrifuging at the 
same speed, samples of the now optically clear 
supernatant were withdrawn directly from the 
centrifuge tube for assay of the ‘soluble enzyme’ in 
the homogenate. 

Results for representative experiments are shown 
in Table 4. The main points emerging from this 
table are as follows. The total enzyme activity of the 
homogenates was fully accoimted for by the 
activities of the separated fractions, and 80-90 % 
was sedimentable. Of this, four-fifths was in the 
pure granule fractions, which also showed the highest 
specific activities. The relatively low activity of the 
impure nuclear fraction may well have been due to 
the contaminating granules. 

Infant liver and liver regenerating after partial 
hepatectomy showed a similar distribution of 
insoluble enzyme activity to that seen i 
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S 

Liver 

Period of 

Water 

Saline 

Sucrose 

treatment 

homo- 

homo- 

homo- 

and 

(min.) 

genate 

genate 

genate 

water 

0 

.57* 

14 

14 

— 

0-5 

71 

77 

72 

— 

I 

88 

89 

86 

79* 

2 

95 

96 

93 

90 

3 

100 

100 

98 

98 

5 

100 

100 

100 

100 


* These figures give a direct comparison of liver treated 
•vvitb water for 1 min, in the glass homogenizer and the 
Waring Blendor respectively. 

Freezing. As in water homogenates (Walker & 
Levvy, 1951), the particles in sucrose or saline 
homogenates of liver gave up their glucuronidase 
activity to the solution on repeated freezing with a 
mixture of solid carbon dioxide and acetone, and 
thawing at 37°. The rates of transfer were, however, 
very different in the two types of isotonic homo- 
genate. In sodium chloride solution, 60% of the 
enzyme activity became soluble after a single 
freezing, whereas four freezings were necessary 
before this stage was reached in sucrose solution. 

Treatment with acetone. After homogenizing 
mouse liver in acetone (Walker & Levvy, 1951) 
followed by resuspension of the dry powder iix 
water, 0‘17M-sodiurn chloride or 0‘26M-sucrose 
solution, almost all the enzyme activity was soluble. 

Treatment with surface-active agents. The actions 
of Teopol XL (British Drug Houses Ltd), Triton 
X-100 and Triton A-20 (Rohm and Haas Co.) on 
homogenates in isotonic media were identical in all 
respects with their actions on water homogenates 
(Walker & Lo\n'j', 1951). The first two agents in 


of the onzjme into a soluble form but TfiPnni yr j nigner total and specific activities 

Triton x!,5o 

approximately equal (60-70%) release of enzyme 
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activity to the solution on dilution with water. 
Under the microscope, there was no perceptible 
fragmentation of the particles in fraction 2. In 
znfant as compared with adult liver a greater per- 
centage of the enzyme in every fraction (70-80%) 
was converted to the soluble form. 
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in a given preparation no matter %vhich method of 
treatment was adopted, but the results make it 
clear that it was unnecessary to take more than part 
of the enzyme into solution before the preparation 
displayed its full potential activity. The release of 
enzyme activity from insoluble material was readily 


Table 4. Fractional sedimentation of unbuffered mouse-liver homogenates in 0-25M-sucrose solution 


Fraction 


N (total) 

A 


Enzyme activity 

A 


no, and description 

mg./g. liver % total o.u.*/g. liver 

% total 

o.u.*/ing. N 



Normal adult liver 



Total homogenate 

39-0 

100 

3580 

100 

92 

1. Nuclei, etc. 

7-5 

19 

610 

14 

68 

2. Large granules 

6-5 

17 

1100 

31 

170 

3. Small granules 

6-8 

17 

1430 

40 

210 

4. Soluble enzyme 

16-5 

42 

470 

13 

29 

Sum of fractions 

37-3 

95 

3510 

98 




Infant liver (4-day-old) 




Total homogenate 

31-0 

100 

5100 

100 

164 

1. Nuclei, etc. 

6-5 

21 

750 

15 

117 

2. Large granules 

6-1 

16 

1310 

26 

256 

3. Small granules 

5-3 

17 

2000 

39 

377 

4. Soluble enzyme 

14-2 

46 

950 

19 

67 

Sum of fractions 

3M 

100 

5010 

99 

— 


Regenerating liver (4 days after partial 

hepateotomy) 


Total homogenate 

36-6 

100 

4480 

100 

122 

1. Nuclei, etc. 

7-2 

20 

550 

12 

76 

2. Large granules 

7-0 

19 

1360 

30 

194 

3, Small granules 

5-9 

16 

1820 

41 

309 

4. Soluble enzyme 

17-0 

46 

820 

18 

48 

Sum of fractions 

37-1 

101 

4550 

101 

— 


* For definition of o.u. see text. 


The activity of the enzyme in homogenates in 
isotonic media 

Kerr & Levvy (1951) fotmd that the use of too 
high a tissue concentration in the assay of water 
homogenates of mouse liver led to false low results 
for the total glucuronidase activity. Full activity 
was shown at all concentrations once the enzyme 
had been completely converted into a soluble form 
by incubation in acetate buffer at 37° for 4 hr. 

Table 5 shows that tissue concentration had a 
similar effect in the assay of homogenates of mouse 
liver in isotonic sodium chloride or sucrose solution. 
The activity no longer varied with tissue concentra- 
tion once the enzyme had been completely converted 
into a soluble form. Even at low concentrations, 
however, homogenates in isotonic media, unlike 
those in water, increased considerably in activity 
when the enzyme was made soluble. 

Table 6 shows parallel figures for the total glucu- 
ronidase activity and the percentage soluble enzyme 
activity in homogenates of adult mouse liver after 
treatment by various methods which cause the 
transfer of enzyme activity' from insoluble material 
to the solution. The same final activity was reached 


controlled when it was brought about by dilution 
with water or incubation in acetate buffer, and with 
these measures full activity was reached when only 
about half the enzyme had gone into solution, i.e. 
when the distribution of enzyme activity had be- 
come similar to that seen in water homogenates. 
Whereas these measures released the enzyme by a 
gradual process affecting all insoluble particles 
equally, mechanical disintegration in the tissue 
disintegrator or the Waring Blendor resulted in 
complete destruction of individual particles and 
thus did not produce complete activation in the 
present experiments imtil nearly all the enzjane 
had been brought into solution. The release of 
enzyme activity from insoluble material by the 
surface -active agents Triton X-100 and Teepol XL 
was difficult to control in degree, but the figures 
given in Table 6 show that when this process was 
complete the enzyme was fully active. 

Since in the assay the incubation with substrate 
was carried out in acetate buffer, in which activation 
of the enzyme must have occurred, the figures given 
in Table 6 for the total glucuronidase activity 0 
homogenates are subject to error. This considera 
tion does not apply to the figures for soluble enzyme 



229 


jS-GLUCURONIDASE. 3 


Vol. 51 

activity, this fraction of the enzyme being already 
fully active. 

The error arising from the activation of the 
enzyme during the incubation with substrate is 
illustrated in Fig. 4 by velocity curves for . the 
hydrolysis of phenolphthalein glucuronide in acetate 
buffer by mouse liver homogenized in 0‘17M' 
sodium chloride, ^^^len the homogenate (2-5%, 


activity was slower, and full activity was only 
reached after 90 min. incubation. This concentration 
of sodium chloride did not inhibit fully activated 
preparations of the enzyme. 

Similar results were obtained in experiments 
with homogenates in isotonic sucrose solution, 
except in that activation proceeded more slowly 
than in sodium chloride solution. Sucrose in a final 


Table 6. Variations in the glucuronidase activity of adult mouse liver 
with the homogenate concentration taken for assay 

(All results refer to a single sample of tissue; activities were measured in acetate buffer before and after conversion of all 
the enzyme into a soluble form by treatment for 20 min. in the tissue disintegrator.) 

Glucuronidase units/g. liver 

Concentration , * , 


of homogenate* 

(g, tissue/ 100 ml. 
homogenizing fluid) 

Homogenate in 

A 

O-HM-NaCl 

Homogenate in 

A 

0.25M-sucrose 

1 

Before treatment 

\ 

After treatment 

Before treatment 

After treatment 

40 

1320 

3200 

1200 

3240 

20 

1680 

3200 

1560 

3200 

10 

2200 

3200 

2120 

3240 

5-0 

2400 

3280 

2240 

3200 

2-5 

2380 

3240 

2200 

3240 

1-0 

2300 

3200 

2100 

3240 


* 0'5 ml. of homogenate of the concentration shown was incubated with 0-5 ml. substrate solution and 3 ml. buffer in 
the usual way. 


Table 6, Effects of various measures on the total and soluble glucuronidase activity in 
homogenates (2-5%, wjv) of mouse liver in isotonic NaCl or sucrose solution 

(Activities measured in acetate buffer, and results e.vpressed as percentages of the activity of the whole homogenate after 
10 min. treatment in the tissue disintegrator.) ' ‘ ° 


Treatment 


Agent 

None 

Tissue disintegrator 

Waring Blendor 


Triton X-100 
Teepol XL 
Water 


Incubation in acetate 
buffer, pH 5-2 


Extent 


1 min. 

2 min. 

0 min. 
10 min. 

0-5 min. 

1 min. 

3 min. 
5 min. 

0 - 1 % 
0-4% 
J vol. 

1 vol. 

3 vol. 

1 hr. 

2 hr. 

4 hr 


Homogenate in 0-17M-NaCl 

. ; ^ , 

Total activity Soluble activity Total actixnty Soluble activity 


Homogenate in 0-25M-8ucrose 


75 

82 

91 
100 
100 

88 

94 

100 

99 

101 

101 

82 

90 

100 

87 

92 
100 


12 

50 

72 

98 
100 

68 

85 

100 

99 
101 

98 

14 

23 

47 

26 

41 

80 


w/v) was added to the usual buffer-substrate 
m,x uro the rate of hydrolysis gradually increased 
unui, after about 45 min., it reached the value 
obtamed with a fully activated sample of the same 
bomogonate Wlien the buffer-substrate mixture 
vas made 0-1 i m with respect to sodium chloride, so 
ns t o prevent dilution of the homogenizing medium 
>n the enzyme preparation, tlie change in enzyme 


66 

79 

88 

100 

100 

87 

95 

101 

101 

102 

101 

75 

86 

97 

83 

91 

100 


8 

55 

78 

97 

100 

66 

83 

100 

103 

102 

97 

17 

29 
51 

18 

30 
69 


concentration of 0.25 m was found to cause about 

10 /o inhibition of fully activated glucuronidase 
preparations. ® curoniaase 

Replacing acetate by citrate buffer during the 



230 


P. G. WALKER 


The rate of activation in citrate buffer became even 
slower when 0- 17M-sodium chloride was present, and 
slower still when this was replaced by 0-25 m. 
sucrose. Velocity curves for the hydrolysis of 
phenolphthalein glucuronide in sucrose-citrate 
(pH 5-2} by homogenates of adult and infant mouse 
liver in 0-25M-sucrose solution are sho^vn in Fig. 6. 



Pig. 4. Bate of hydrolysis of phenolphthalein glucuronide 
(0-0012SM) in acetate buffer (final concentration 0'075n, 
pH 5'2) by a homogenate of adult mouse liver in 0d7M- 
NaCl solution. Final tissue concentration 0-3% (vrjv). 
• — •, bufier and substrate made 0-1 7m with respect to 
NaCl; O — O, no NaCl added to buffer or substrate; 
— X — , assay of homogenate after treatment for 10 min. 
in the tissue disintegrator. 

This graph illustrates the difficulties which would 
attend attempts to make comparative measure- 
ments of mouse-liver gluciuonidase activity in 
homogenates in isotonic media without preliminary 
activation. It can be seen, however, that in tm- 
treated preparations the activity of the infant tissue 
was at all stages higher in terms of pg. phenol- 
phthalein liberated/g. liver than that of the adult 
tissue (cf. Levvy et al. 1948). 
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The nature of the inactive enzyme 

Table 7 shows the effect of varying the substrate 
concentration on the activity, expressed as. glucu- 
ronidase units, of different preparations of the same 
tissue added to incubation mixtines of varying 
composition. When a homogenate in 0-l7M-sodium 



Fig. 5. Bate of hydrolysis of phenolphthalein glueuionide 
(0-00125M) in citrate buffer (final concentration 0'076 n) 
by homogenates of adult and infant mouse liver in 
0'25M-sucrose solution. Final tissue concentration 0-3% 
(w/v). Substrate and buffer made 0'25 m with respect 
to sucrose. ' 0—0, adult; • — •, infant (4-days-old); 
— X — , assay of adult liver after treatment of homogenate 
for 10 min. in the tissue disintegrator. — A--, assay of 
infant liver after treatment of homogenate for 10 min. in 
the tissue disintegrator. 

chloride solution was incubated with increasing 
concentrations of phenolphthalein glucuronide in 
acetate buffer, inhibition of glucuronidase activity 
by excess substrate was seen, whether or not the 
enzyme preparation had been subjected to prior 
activation. Considerable activation of the im- 
treated preparation must of course have occiured 
during the assay in acetate buffer. When a homo- 


Table 7. Effect of varying substrate concentration on the rate of hydrolysis of phenolphthalein glucuront e 
in 0-lN-acetaie or citrate buffer by homogenates of adult mouse liver in 0-17M-NaCl or 0-25iii-sucrose 
solution 


(All results refer to a single sample of tissue; o.u./g. 
the tissue disintegrator.) 

Saline homogenate 
in acetate buffer 


Substrate /— * , 

concentration Before After 

(m) treatment treatment 

0-00125 2640 3600 

0-00438 2320 3120 

0-00876 2000 2480 


liver measured at pH 6-2 before and after treatment for 10 min. m 


Sucrose homogenate 
in citrate buffer 


Before 

treatment 

2000 

1960 

2000 


^ 

After 

treatment 

3600 

3040 

2400 


Sucrose homogenate 
in sucrose-citrate buffer 

Before After 

treatment treatment 

1320 3200 

1440 2640 

2080 2240 
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genate in 0-25M-sucrose 
citrate buffer containing the same concentration of 
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solution ^vas added to The distribution of glucuronidase in infant and 


regenerating liver is similar to that in normal adult 

sucrose and a varying concentration of substrate, Uver, and the higher enzyme activity of ^je 
incrense in the lattL clused a rise in the net activity tissues is spread over partic es of all sizes In act ve y 


increase in the latter caused t 
of the untreated homogenate, but a fall in the 
activity of the activated preparation. Whatever the 
factor may bo that is responsible for the low activity 
of glucuronidase in mouse liver homogenized in 
isotonic media, it can thus to some extent be over- 
come by the use of a substrate concentration in itself 
high enough to inhibit the enzyme. These two 
opposing effects of increasing the substrate con- 
centration on the net activity of an untreated pre- 
paration were exactly balanced when a sucrose 
homogenate was incubated with a mixture of citrate 
buffer and phenolphthalein glucuronide made up in 
water alone. 

The results shown in Table 7 are entirely ex- 
plicable on the view that the enzyme in a homo- 
genate of mouse liver in isotonic media, but not in 
water, is subject to the action of an endogenous 
competitive inhibitor. An alternative explanation 
must, however, be considered, namely that the 
enzyme associated with the insoluble particles is 
surrounded by material which the substrate only 
penetrates with difficulty. 

DISCUSSION 

Accepting that the localization of an enzyme in the 
intact cell can be inferred from its distribution 
amongst the components of an isotonic homogenate, 
it is concluded from the present study that all 
or almost all of the glucuronidase activity of 
mouse liver is associated in vivo with subcellular 
particles, especially the large and small cytoplasmic 
granules. 

The enzyme can be irreversibly released from the 
particles by various treatments which produce 
either swelling or fragmentation of the particles. 
The small amount of the enzyme which is present in 
a soluble form in isotonic preparations may be 
derived from the particles when they are liberated 
into the medium or it may arise from damage to the 
particles in the homogenizer. The amount of this 
soluble fraction is, however, not reduced either by 
employing hypertonic media which preserve better 
the intracellular appearance of the particles 
(Hogeboom ct al. 1948) or by a very gentle grinding 
of the tissue. As the medium is made increasingly 
hypotonic there is a transfer of enzyme activity 
from the particles to the solution till, at low sucrose 
or saline concentrations, the distribution character- 
islic of a water homogenate is approached. It may 
bo significant that the release of enzyme activity 
which occurs on prolonged incubation of a homo- 
genate in an isotonic medium also ceases when the 
soluble activity reaches the figure for a water 
homogenate. 


proliferating as compared with resting tissue, a 
greater proportion of the enzyme in all fractions of 
the sedimentable material is released in water. This 
agrees with the observation of Kerr & Lewy (1951) 
who found that in water homogenates the increase 
in the soluble activity accoxmted entirely for the 
higher overall activity of proliferating tissues. 

As enzyme is released from the particles in homo- 
genates in isotonic media, there is an increase in 
the activity of the enzyme remaining hound to 
insoluble material. Two explanations have been 
suggested for the initially low glucuronidase activity 
of these homogenates, namely the existence of a 
competitive inhibitor in tbe homogenate, or of 
material which hinders access of tbe substrate to tbe 
enzyme in the insoluble particles. The latter ex- 
planation is considered to be the more satisfactory 
since it covers the behaviour of water homogenates. 
In hypotonic media, a change in the particle occurs, 
permitting the escape of some of the enzyme from 
the particles. This change presumably permits much 
easier access of the substrate to the enzyme re- 
maining within the particles. The existence of a 
competitive inhibitor is bard to imagine since it 
would have to be very selective in its action, affecting 
the insoluble enzyme in homogenates in isotonic 
media, hut neither the enzyme in completely 
soluble preparations, nor the insoluble enzyme 
fraction in water homogenates. 

Various factors have been found to influence 
results obtained in the assay of glucuronidase 
associated with insoluble material. It is clear that 
reliable comparative measurements of tissue 
activity can only be made after complete solution or 
complete activation of the enzyme. The physio- 
logical significance of results thus obtained is, how- 
ever, another matter. If one accepts the premise 
that the state of an enzyme in homogenates in 
isotonic media approximates to its state in the intact 
tissue (Schneider & Hogeboom, 1951), the possi- 
bility must be considered that factors such as those 
encoimtered in the present work have effects on the 
activity of the enzyme in living tissues, which may 
be as important as changes in the active protein 
content, detected by the use of soluble preparations. 

SUjMMARY 

1. The partition of glucuronidase activity 
bet^roen the subcellular particles and the solution 
has been studied in homogenates of mouse liver in 
isotonic sodium chloride or sucrose solution. The 
^ sedimented by centrifuging at a high 
speed or by centrifuging at a low speed after 
agglutination with acetate buffer. 
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2. The two methods of sedimentation gave 
identical results and 80-95 % of the enz 5 nne activity 
was foimd in the precipitate. • 

3. As the medium was made increasingly hypo- 
tonic, a greater proportion of the enzyme activity 
was released from the particles. Particles of differ- 
ent sizes, separated by fractional sedimentation, 
behaved comparably in this respect. 

4. The distribution of enzyme activity over 
particles of different sizes was the same in infant 
liver and in liver regenerating after partial hepa- 
tectomy as in the normal adult tissue, but prepara- 
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tions of the growing or regenerating tissue showed 
greater release of enzyme activity to the solution on 
dilution with water. 

5. The homogenates in isotonic media did not 
display their full glucuronidase activity on direct 
assay, but partial activation occurred under assay 
conditions. Full activity was displayed when about 
half the enzyme present was brought into solution. 

6. The possible mechanism of activation and its 
physiological significance are discussed. 

The author is in receipt of a grant from the Agricultural 
Research Council. 
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The chemical composition of the yeast cell wall was 
first studied by Salkowski (1894), who investigated 
the polysaccharide material which remained after 
intact cells had been digested with dilute sodium 
hydroxide solution. Zechmeister & Toth (1934) 
continued the study, but again disrupted the cells by 
fairly vigorous chemical action. They suggested, 
however, that an enzymic method might do less 
damage to the ceU wall, and indeed later they iso- 
lated the glucan component of the ceU waU by the 
action of pepsin and amylase on an autolysed yeast 
suspension (Zechmeister & Toth, 1936). These 
chemical and enzymic investigations have indicated 
that several polysaccharides may be present in the 
ceU wall, and it has been suggested that, besides the 
glucan, a maiman (Haw^orth, Hirst & Isherwood, 
1937) and possibly a ‘glycogen’ (Ling, Nanji & 
Panton, 1925) may form part of the structure; no 
direct evidence for this has been given. The structure 
of these polysaccharides has been investigated by 


various workers. The general method of isolation 
has been extraction of whole yeast with 3 % sodium 
hydroxide solution at 100°, whereby the mannan 
and some glycogen go into solution, whereas the 
glucan and most of the glycogen remain as the in- 
soluble material, which is seen \mder the microscope 
to retain the shape of the ceU, and is therefore 
assumed to be part of the cell wall. The glucan was 
shown to contain only glucose with /S-l:3 linlmges 
between the radicals, by Zechmeister & Toth (1934) 
and Hassid, Joslyn & McCready (1941); more 
recently BeU & Northcote (1950) found that this 
polysaccharide was highly branched and determined 
its avorage chain length. The structure of t ic 
mannan has been studied by Haworth et al. (1937), 
Haworth, Heath & Peat (1941) and Lindstedt 
(1945), but the constitution of the glycogen, an 
especially its possible existence in two forms (Lmg 
et al. 1925; Daoud & Ling, 1931) has received little 

attention. 



233 


the yeast cell wall 


Yol. 51 

In .the present work the yeast cell wall has been 
isolated in two ways; 

•' A. By physical methods entailing mechanical 
breakage of the cell and isolation of the washed cell 
wall by differential centrifugation. 

' B. By chemical methods, entailing breakage and 
isolation, similar to those used by the previous 
workers, i.e. digestion of the whole cell with 3 % 
sodium hydroxide. 

In this Way a more complete and quantitative 
survey of the substances making up the structural 
elements of the outer cell wall has been obtained 
than was hitherto possible. Both a chemical and a 
microscopical examination of the preparation have 
been made and in this latter connexion the material 
has been found to be very suitable for investigation 
by the electron microscope. 

EXPERIMENTAL 

Material itsed and general analytical methods 

The yeast used was a commercial pressed baker’s yeast (Ark 
Yeast, Distillers’ Co. Ltd.) . Its dry weight, determined under 
the same conditions as those used with the cell wall prepara- 
tions, was 27-3% of the moist weight. 

All the analyses were carried out on material dried at 
O'Ol mm. Hg over P 205 at room temperature. 

Total N (Kjeldahl) was determined using Kessler’s 
reagent (Umbreit, Burris & Stauffer, 1949). Total P was 
determined according to Fiske & Subbarow (1925, cf. 
Umbreit et al. 1949). 

Chromatography of sugars. Descending chromatograms 
were run on Whatman no. 1 papers with n-butanol/water at 
37° for 00 hr. (Hough, Jones & Wadman, 1950). Glucose, 
galactose, glucosamine, mannose and arabinose were used 
ns markers. The spots were coloured mth aniline hydrogen 
phthnlate (Partridge, 1949) and ammoniacal AgNOj on 
duplicate papers. 

Chomatography of amino-acids. Descending chromato- 
grams were run with phenol/0-3 % (w/v) aqueous NH, at 
20° in an atmosphere of coal gas (Consden, Gordon & Martin, 
1944). The spots were coloured with 0-3% (w/v) triketo- 
h 3 ’drindene hydrate in n-butanol. 

The solutions applied to the chromatograms were 
adjusted so that the ‘ appro.vimate ‘concentration of the 
sugars and the amino-acids was never less than 1 %. 

The work below is described in two parts, dealing with cell 
wall material obtained by mechanical breakage of the cell, 
preparation A, and that obtained by chemical cytolysis of 
the cell, preparation B. 

PRErAHATION A 

Isolation of the cell tvall material by 
mechanical breakage of the cell 

Yeast ( 4 00 mg.) was suspended in 10 ml. of water vrith 4 g. 
of fine glas.s beads (Ballotini no. 12, Chance Bros Ltd., 
irmingham) and the mixture placed in a vertical cup 
tmtenml measurements 5x2-2 cm.) of a Mickle cell disin- 
tegrator (Mickle, 194S). I ibration was continued for 30 min., 
after which the rc.su!t.int suspension was decanted away 


from the glass beads. The supernatant was centrifuged at 
1500 p for 10 min. (height of tube 10 cm.), and the residue 
washed repeatedly -with water until the final supernatant 
became clear; the residue' 'comprised the required cell wall 
fraction. The initial supernatant and the -u-ashings were 
combined and centrifuged at 14000 g for 20 min. (height of 
tube 10 cm.), when a residue of fine particles was obtaiiied. 
The final supernatant and the two residues were freeze-dried. 
The yields of material frdm three representative fractioii- 
ations are shown in Table 1. The beads cannot have contri- 
buted much to these fractions since their ash content never 
exceeded 3%. 

Table 1. Yield of fractions obtained by differential 
centrifugation of mechanically disintegrated yeast 
cells 

mg./lOO mg. dry wt. taken 


Residue 


Exp. 

Residue 

deposited 

at 1500 g 
(cell waU 

deposited 
at 14000 g 
(small 
particle 

Supernatant 
(‘ soluble ’ 

Recovery 

no. 

fraction) 

fraction) 

material) 

{%) 

1 

15-3 

30-1 

44-4 

89-8 

2 

14-1 

28-4 

41-8 

84-3 

3 

14-5 

30-3 

42-0 

86-8 


Microscopical examination of cell wall 

The cell walls isolated in the above manner are Gram- 
negative, whereas the whole yeast cells are Gram-positive. 
It is thus an easy matter to distinguish any unbroken cells in 
the preparations by a microscopical examination of stained 
films, ilany fields of numerous preparations were examined 
and in no case was a whole cell detected. The cell -walls vrere 
also examined by the phase-contrast microscope and here 
again no whole ceils and very little debris could be detected. 
It is concluded that the material isolated does represent 
solely the outer membranes of the cell, and tbat cbemical 
investigations carried out on it will in fact characterize the 
cell wall which is thought to be made up of these membranes. 

Electron microscope. A comprehensive examination of the 
cell wall -was made under the electron microscope using both 
Siemens and Radio Corporation of America (R.C.A.) 
instruments. The high tension voltages used ranged from 
50 to 90 kV. The material was suspended in water and 
allowed to dry at room temperature in air on the filmed 
specimen grids. Films of two types were used as supporting 
membranes, these being mounted on standard Kodak 
copper grids. Early preparations were mounted on nitro- 
cellulose supporting films, but owing to the relatively large 
size of yeast cells these films frequently ruptured during 
investigation in the microscope. ‘Formvar’ (polyvinyl 
formal) films prepared from dioxan solution were found to be 
much stronger, particularly when large numbers of cells were 
present in the field under examination. Preparations were 
shadowed -with an alloy of An and Pd employing the usual 
shadow-casting techniques. The shadowing angle was 45°. 

The most characteristic and obvious detail in the structure 
of the cell walls was the occurrence of scars on the surface; 
these appeared on the majority of the larger cells but not on 
the smaller cells. Some cells carried as many as sixteen such 
matUngs (Fjg. 4 q). By comparisons -with those cells to 
which were attached parts of the ceU waU of the bud, and 
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w-ith that of an intact cell in the process of budding (Fig. 1), 
these markings were identified as budding scars and ap- 
peared as circular thickenings of the cell surface (Figs. 2 and 
4a-d). The figures are metal-shadowed electron micro- 
graphs. The bud scars could also be seen on the cell walls 
under the phase-contrast microscope. It is of interest to 
note that Dorsten, Oosterkamp & Le Poole (1947) used whole 
yeast cells for testing the 400 kV. e.xperimental electron 
microscope and the pictures taken their instrument show 
indications of these budding scars in the whole cell. When the 
preparations were treated wth 2 n-HC 1 the scars appeared to 
he more resistant to chemical attack than the general cell 
surface. By observations of the edge of the cells and of the 
apparent peeling of the membranes which often occurred at 
the bud scar (Fig. 2) it could be seen that the cell envelope con- 
sisted of at least two membranes. When the preparations 
were extracted successively with methanol and ether (see 
below) to remove lipids, and re-examined, the division into 
two membranes became obvious (Fig. 5). However, after 
treatment with 3% (w/v) aqueous NaOH solution to 
remove mannan, protein, and lipid (see below) only one 
membrane is apparent at the hud scars (cf. Figs. 2 and 4). 

The type of breakage resulting firom disruption by glass 
beads, as applied to yeast cells, can be seen from the electron 
micrographs (Figs. 3 and 4d). 

Chemical investigation of the cell wall 

Elementary analysis. Total N, 2-1 %, indicating a protein 
content of approx. 13%; total P, 0-31 %. 

Mineral content. When maintained at red heat in a 
platinum boat in a stream of clean air for 1 far. I7'2I mg. 
yielded a white ash (0-5o mg., 3-21 %). 

Lipid content. The lipid was isolated by boiling the cell 
walls (17-39 mg.) in 95% (v/v) aqueous methanol (1 ml.) for 
30min. and subsequent! j- extracting continuously with ether 
in a modified Soxhlet apparatus (Jlitchell, 1951) at room 
temperature for 6 hr., the whole process being repeated 
three times. The ether was evaporated and the fat weighed 
directly. The yield was 1-48 mg. (8-5%). (Found: N, 0-1; P, 
0-5 %.) The fat thus appears to contain little phospholipid. 

.. Acid hydrolysis. The preparation (8-40 mg.) was hydro- 
lysed for 6 hr. with 1 ml. of 2 n-HC 1 in a sealed tube at 98°; 
it dissolved completely to give a very light brown solution. 
This was evaporated to dryness at 20° underreduced pressure 
and dissolved in 0-1 ml. of water. The resultant solution was 
investigated on paper chromatograms. Only two sugars were 
apparent in the hydrolysate, namely mannose and glucose; 
no glucosamine could he detected. Although hydrolysis 
of protein was probably incomplete, the hydrolysate also 
showed the presence of glutamic acid, aspartic acid, serine, 
glycine, threonine and alanine with only very faint indica- 
tions of histidine, leucine and the other basic amino-acids. 

Water content. The cell wall material (10-8 mg.) was dried 
over P2O5 at 100° and 0-01 mm. Hg for 8 hr.; there was no 
loss in weight. Dried material (100 mg.) exposed to air at 
room temperature for 48 hr. increased in weight by 11-2%. 

Polysaccharides of the cell wall 

Isolation and investigation of the glucan component. The 
cell wall material (97-21 mg.) was digested with 3 % (w/v) 
aqueous NaOH (2-0 ml.) for 6 hr. at 100°. The supernatant 
obtained after centrifuging was retained for examination of 
the dissolved mannan (see below). The insoluble residue was 
extracted consecutively with 3% NaOH at 100° for 6 hr.. 
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O-SN-acetic acid (2 ml.) at 75° for 6 hr. and finaUy washed 
with ethanol (2 ml.) and ether (2 ml.). The white solid was 
dried Over PjOs at 0*1 mm. Hg, Yield 27*9 mg. (28-8% of 
dry matter taken). (Found: N, 0*3; P, 0-0 %.) 

Hydrolysis of 10 mg. of this substance with 2x-HCl 
(1 ml.) in a sealed tube at 100° for 6 hr. gave a light-brown 
solution. This was freeze-dried and the resultant solid dis- 
solved in 0-1 ml. of water. The chromatograms of this 
solution showed the presence of glucose only. 

The isolated material contained 98% glucose when this 
was estimated by anthrone (Seifter, Dayston, Novio & 
Muntwyler, 1950). An equivalent amount of glucan isolated 
from whole yeast by the method of Bell & Northeote (1950) 
gave 97-4% glucose. 

The substance isolated from the cell wall contained only 
glucose and was very insoluble in water, thus resembling the 
glucan isolated from whole yeast. It still retained in most 
cases the shape of the cell wall when examined under the 
microscope, and thus it constitutes at least part of a con- 
tinuous membrane within the celt wall. 

Isolation and investigation of the mannan component. The 
solution obtained in the above experiment was made just 
acid to methyl red with acetic acid, and the mannan was 
precipitated by 4 vol. of ethanol. The precipitate was 
Centrifuged and separated from the supernatant, redissolved 
in water and reprecipitated. The white solid'thus obtained 
was washed svith ethanol and ether and dried in the normal 
manner. Yield, 30-1 mg. (31-0% of original dry matter). 
Wi?" -r 87° (1, 2; c, 1 in water). (Found: N, 1-3; P, 0-26%.) 

This material (20 mg.) was hydrolysed as above for the 
glucan and gave a colourless solution. The hydrolysate was 
freeze-dried and dissolved in 1 ml. of water. Mannose 
phenylhydrazonfe was prepared from this solution according 
to the method of Nowatnowna (1936). YTeld 20-2 mg. (i.e. 
60% mannose); m.p. 196° (uncorr.) not depressed on ad- 
mixture of an authentic sample of mannose phenylhydrazone 
(m.p. 196°). The cell wall mannan (30-0 mg.) was further 
purified by precipitation and subsequent decomposition of 
the copper compound (Haworth et al. 1937). Yield 25-0 mg. 
(N, I-O; P,0-2%). [a]|?’-f88°{l,2;c, l-0inwater).Thehydro- 
lysed mannan showed only mannose on a paper chromato- 
gram. The mannan could also be extracted from thecellwall 
material by water at 100°, although the rate of extraction 
was considerably lower; 25 mg. gave 2-5 mg. of maiman after 
6 hr. and a further 2-4 mg. after 12 hr. The mannan isolated 
in this manner had a relatively high nitrogen content (N, 
2-5; P, 0'23%) and gave a positive biuret reaction. 

Glycogen. No glycogen could be isolated from the cell wall 
preparation by means of 0-5N-acetic acid (75° for 12 hr.) nor 
could any glycogen be detected in the cell wall by staining 
with iodine and subsequent microscopical examination. The 
small particle fraction isolated by differential centrifugation 
of the broken yeast cell did, however, stain a dark brown 
with iodine. 

Pkepabation B 

Isolation of the cell wall material by digestion of the 
cells with sodium hydroxide solution 

The whole yeast (12-62 g.) was dispersed in 15 ml. of 3 % 
(w/v) aqueous NaOH and heated on a boiUng- water bath 
for 6 hr. The brown solution was centrifuged 
residue redigested with a further 15 ml. of 3% NaO or 
3 hr. ; it was then washed with water, ethanol and ether an 
dried in the normal manner. Yield, 0-13 g. 
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Microscopical examination of cell wall 

This cell wall material showed an election-dense substance 
scattered in granular and particulate masses throughout the 
walls (Tig. 6). Part of this material seemed to be glycogen 
as it could be seen under the optical microscope to stain 
brown with iodine. It could be dissolved away with 0-6 K- 
acetic acid at 75,° (see below). Apart from this the electron 
microscope examination of this preparation showed little 
difference from that of preparation A. 

Chemical investigation of the cell wall 

Ehmentary analysis. Total N, 0-7 %; total P, 0-07%. 

Acid hydrolysis. The hydrolysis was carried out in the 
same manner as for preparation A. Only glucose was 
apparent in the hydrolysate when this was examined on 
paper chromatograms. 

Polysaccharides of the cell wall 

Isolation and investigation of the glycogen component. The 
cell wall material (130 mg.) was digested with 0'5N-acetic 
acid (6 ml.) for 6 hr. at 75°. The residue was centrifuged 
and re-extracted with acetic acid for a further 6 hr. 
The acetic acid solutions were combined and evaporated 
to small bulk under reduced pressure when the glycogen 
was precipitated from solution by the addition of 6 vol. 
of ethanol. Yield of glycogen 25-1 mg. (19-3% of the 
cell wall). 

The glycogen could not be extracted with water from the 
cell wall, but after removal by dissolving in the dilute acetic 
acid and precipitation by ethanol the resultant material was 
very soluble in water to give a clear solution. This solution 
gave a deep red-bro'vn colour with iodine. 

Isolation and investigation of the glucan component. The 
re.siduo obtained in the above experiment during the isola- 
tion of the glycogen corresponded to the glucan. It was 
washed with water, ethanol and ether and dried in the usual 
way. Yield, 93-3 mg. (71 % of the cell wall). This glucan 
corresponded exactly in appearance, glucose content and 
solubility , with that isolated from whole yeast and from the 
cell wall preparation A. 


CELL WALL 

seen by means of the electron microscope. It has 
been possible by relating the chemical investigation 
to the microscopical studies to show that one of 
these two apparent membranes is, in part, com- 
posed of the glucan polysaccharide since this poty- 
Lccharide can be isolated free from other material, 
stUl retaining the general shape of the whole cell and 
obviously constituting a complete membrane. The 
other membrane remains intact after removal of 
lipid; but when the protein and mannan are re- 
moved from the cell wall preparation by means of 
dilute sodium hydroxide solution it is no longer 
visible and thus this second membrane is made up in 
part of protein or mannan or both of these sub- 
stances. The general analysis of the cell wall shows 
an approximate chemical composition of glucan 
29%, mannan 31%, protein 13%, lipid (mainly 
neutral fat) 8-5 % and ash 3 % which accounts for 
over 84% of the material. No other major con- 
stituent has been detected during the present 
investigation. Glycogen could only be obtained 
associated with the cell wall by using sodium 
hydroxide as a cytolysing agent. It is not present in 
the mechanically broken cell waU material, but 
appears among the fine particulate matter released 
by the breakage of the cell and the subsequent 
emptying of its contents. The glycogen present in 
the chemically prepared cell walls was seen to be 
present as scattered granules and it is thought that 
although it is probably closely associated with the 
cell wall in the living cell it does not form a structural 
part of the wall in the same way as the glucan and 
mannan. 

The mannan can be extracted from the cell wall 
preparation A by means of hot water, and prepared 
in this manner it is found to be closely associated 
with protein which is extracted with it. This associa- 
tion in the cell wall had already been postulated by 
Garzuly-Janke (1940) from studies on the whole 
cell. 

The observations carried out on the cell wall with 


DISCUSSION 


the electron microscope and the phase-contrast 


The literature contains very little information con- 
cerning the chemical and enzymic nature of the 
outer cell walls of plant or animal cells, and it was 
u ith this in mind that we attempted in the present 
research t o isolate a part at least of the cell wall of 
yeast which might lend itself to further studies. 
A preparation has been obtained b 5 '' mechanical 
breakage and differential centrifugation which is not 
contaminated by whole cells or cell debris. This 
preparation can be made with a fairly constant 
compo.sition, free from substances present in other 
thus a clear-cut separation 
of a definite morjihological structiue has probably 
been aeliievod. The wall as isolated is made up of 
two or more membranes; two in fact can be clearly 


microscope have shown clearly the existence on the 
cell surface of bud scars. These were first reported 
by Barton (1950) by microscopical examination of 
living and stained whole cells, although the obser- 
vations were difficult and details of structure could 
not be obtained. The present work has shown that 
these scars are characterized by a circular thick edge 
slightly raised above the cell surface ; the larger and 
presumably older cells carry a larger number of these 
scars. The edges of the scars are more resistant to 
chemical attack by dilute acid than is the general 
cell wall and this may indicate a difference in 
chemical composition. The existence of these scars 
must be important in relation to the process of 
budding and the behaviour of the cell wall as an 
osmotic boundary. 
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SUMMARY 


1. A cell-wall fraction of yeast has been isolated 
after disintegrating the whole cells in a Miclde cell 
disintegrator and subsequently centrifuging. 

2. The material isolated has been shown to be 
free of whole cells and cell debris. 

3. A quantitative chemical analysis of the cell 
wall of yeast has shown it to be composed of protein, 
lipid and at least two polysaccharides, a mannan 
and a glucan. The glycogen associated with the cell 
wall preparation obtained by treatment of the whole 
cells with sodium hydroxide solution does not 
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function as a structural element and is not present 
in the fraction obtained by mechanical breakage, 

4. The mannan is associated with a protein 
present in the cell wall. 

5. The cell wall has been examined by the optical 
and electron microscopes and has been show to 
consist of at least two membranes, one of which is 
made up in part of the glucan component. 

6. The existence of bud scars on the cell wall has 
been confirmed and some details of their structure 
observed. 

We wish to thank Dr V. E. Cosshtt and Dr D. J. Bel! for 
their advice and encouragement during this investigation. 
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EXPLANATION OF PLATES 


Plate 1 

Fig. 1. Intact yeast cell showing budding. 

Fig. 2. Group of cell walls (preparation A) showng bud 
scars and peeling of two apparent membranes at the 
scars. 

Fig. 3. Cell wall (preparation A) sho%ving junction between 
two budding cells together with other bud scars. 

Fig. 5. Fragment of cell wall (preparation A) after extrac- 
tion of lipid showing two distinct membranes. 


Fig. 6. Cell wall prepared by cytolysing whole cells with 
3% NaOH (preparation B) showing the granular appear- 
ance of the glycogen. 

Plate 2 

Fig. 4. Cell wall (preparation A) treated nith 3% NaOH. 

(а) Cell membrane showing numerous bud soars awl 
disappearance of double membrane apparent in Fig. - 

(б) , (c) and (d) Showing, in particular, details of stracture 
of cell membrane at the budding point; note thickening 
and raised appearance of the membrane- 
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1 SEPARATION OF TOCOPHEROL mXTUBBS OCCURRING IN NATURAL PRODUCTS 

BY PAPER CHROMATOGRAPHY 


By F, BROWN 

The Hannah Dairy Research Institute, Kirkhill, Ayr 
{Received 30 August 1951) 


The determination of the tocopherol content of 
biological materials by the ferric chloride-2 ; 2'- 
dipyridyl method (Emmerie & Engel, 1938) gives 
results which are of limited value for two reasons. 
First, the biological activities of the a-, y- and 
8-tocopherols are in the approximate ratio 
100'.30;20; 1, depending on the biological test used, 
whereas all four tocopherols give the same value by 
the chemical method. Secondly, non-tocopherol 
substances which also give a red colom' with the 
Emmerie-Engel reagents are often difficult to 
separate from the tocopherols and it is not always 
possible to be certain that the interfering impurities 
have been removed from the solutions which are 
finally tested (Baxter, Lehman, Hove, Quaife, 
Weisler & Stem, 1947). 

Differential analysis of the tocopherols can be 
partly achieved by coupling the y- and 8-compounds 
with diazotized o-dianisidine (Weisler, Robeson & 
Baxter, 1947); the «- and )S-tooopherols do not 
couple with this reagent. Since ^-tocopherol has 
been found in wheat products only, values for the 
total and y-plus S-tocopherol contents of most 
materials can be obtained by examining for (o) total 
tocopherols by the Emmerie-Engel method, and 
(^) y-plus 8-tocopherols by coupling with diazo- 
tized o-dianisidine. The value for a-tocopherol 
can be obtained by subtracting (6) from (a). 

The desirability of a method which would allow 
® clear-out separation of the tocopherols led 
mmerie (1949) to attempt the resolution of the 
ocophorols by chromatographing on Floridin XS 
arth or alumina. Although the a- and y-toco- 
P '®^ols could be separated rmder strictly controlled 
cautions, mixtures of the a- and jS-tocopherols 
ca not be resolved into the separate components, 
tin chromatography has found applica- 

n m numerous problems involving the separation 
mad” • compounds, attempts have been 

die ” ^ w-ork to extend the method to 

InboT't tocopherol mixtures made up in the 

mitur” j mixtures occurring in 

to t6<a have also been examined in order 

iion-tn '1 utility of the method in distinguishing 
substances from authentic 


EXPERIMENTAL 

Ghromatography 

Both ascending (Williams & Kirby, 1948) and descending 
(Consden, Gordon & Martin, 1944) methods were used. 
Whatman no. 1 filter paper was coated with Vaseline 
(Winteringham, Harrison & Bridges, 1950) by dipping it 
in a 2-5% (w/v) solution of Vaseline in ether and then 
allowing the solvent to evaporate from it in the air. Storage 
of the coated papers for as long as 2 months before use did 
not alter their properties. The tocopherols were applied to 
the papers by means of a calibrated pipette delivering 6-3 (il. 
Alcoholic solutions of the tocopherols were used to avoid 
dissolving the Vaseline at the points of application. Various 
concentrations of methanol, ethanol and acetone in water 
were each tested for use as the mobile phase and 75% 
ethanol (v/v) was finally selected as giving the best separa- 
tions. 


Detection of the tocopherols 

The developed chromatograms were dried for 15 min. at 
room temperature and then sprayed with 2:2'-dipyridyl 
(0-25%, w/v) in ethanol followed by ferric chloride (0-1%, 
w/v) in ethanol. Bright-red spots were formed on a white 
background. The background gradually assumes a pink 
colour so the positions of the spots must be marked fairly 
soon after spraying. In order to obtain a permanent record, 
methanohc silver nitrate (1'7 g. AgNO, in 50 ml. water, 
33 ml. methanol and 17 ml. aqueous NHj sp.gr. 0-880) can 
be used. The dark bro^vn spots appear about 1 min. after 
spraying, the one corresponding to the a-form appearing 
first and that corresponding to the S-form last. Spraying 
with 2% (w/v) NajCOa followed by diazotized o-dianisidine 
solution (prepared according to the method of Weisler et al. 
1947) was used for detecting the y- and S-tocopheroIs. The 
y-compound gives a dark-purple spot, whereas the 8- 
compound gives a red spot readily distinguishable from the 
y-spot. Under these conditions the a- and ^-compounds do 
not give spots. 

Separation of synthetic mixtures of the tocopherols 

Mixtures of racemic a-, jS- and 8-tooopherols were readily 
separated using 75 % (v/v) aqueous ethanol as the mobile 
phase and Vaseline-coated filter papers as the stationarj’ 
phase; the /S- and y-isomers could not be separated. The Sf, 
values of the tocopherols were: a, 0-50; 0-72; y, 0-72; 

8, 0-84. These values were the same whether the tocopherols 
were used alone or mixed with other tocopherols. 

Inability to separate the and y-isomers is not a serious 
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drawback in examining natural products because the 
compound occurs only in wheat products. In addition, if a 
spot is obtained at R-p =0-72 using the 2 : 2'-dipyridyl-ferric 
chloride reagents, the presence of y can be ascertained by 
using the o-dianisidine spray. 

As little as 3 fig. of any of the tocopherols can be readily 
detected with the dipyridyl-ferric chloride reagents and even 
less of the y- and S-compounds can be detected with the 
sodium carbonate-o-dianisidine spray. 

Extraction of the tocopherols from 
biological material 

Methods for the extraction of tocopherols from natural 
products are largely based on methods for fat extraction 
(Quaife & Harris, 1948; Quaife & Dju, 1949). Lipids and 
sterols interfered with the running of the tocopherols on the 
chromatograms and were consequently removed. The lipids 
were hydrolysed in the presence of pyrogallol {Tosi<5 & 
Moore, 1945) to prevent loss of tocopherols by oxidation, 
and the unsaponifiable matter freed from sterols by crystal- 
lizing from methanol solution at - 15°. Carotene in large 
amounts also caused interference on the chromatograms; 
consequently the carotenoids were removed by absorbing 
them from benzene solution on Floridin Earth according to 
the method of Emmerie & Engel (1939). The Floridin Earth 
‘ specially prepared for use in Emmerie’s test for tocopherols’ 
as supplied by British Drug Houses Ltd. was found to cause 
some destruction of the tocopherols. Glavind, Kjolhede & 
Prange (1942) have also reported that in the passage of toco- 
pherols through earths of high surface activity a considerable 
amount of the tocopherols is oxidized. They prevented the 
oxidation by boiling the earth {l-5-2'0g.)'with SnCl2(0-25g.) 
and IOn-HCI (5-8 ml.) before using it. This procedure has 
been adopted in the present work, the heated mixture being 
introduced into an adsorption tube and washed free from 
acid with ethanol (5 ml.) followed by benzene (5x5 ml. 
portions). Using this method of preparation quantitative 
recoveries of the tocopherols have been obtained using as 
little as 10 fig. of tocopherols. Some, if not all, of the 
destruction of the tocopherols when using B.D.H. Floridin 
Earth was due to the presence of iron in the earth. 

Examination of tocopherol mixtures 
present in natural oils 

V egetable oils are among the richest natural sources of the 
tocopherols, and consequently afford excellent starting 
materials for testing the method described. The oils were 
hydrolysed (Tosi6 & Moore, 1945) and the unsaponifiable 


carbonate and diazotized o-dianisidine failed to give a spot. 
None of the other oils examined gave an ‘apparent toco- 
pherol’ spot in this way, indicating that all the interfering 
substances had been removed prior to chromatography. 

Table 1. Tocopherols found to be present in 
various natural products 

Tocopherol 

^ A , 

Substance ^ ^ y I 

Arachis oil + . + 

Cottonseed oil . 4 - . 

Soya-bean oil + 

Wheat-germ oil + + , _ 

Cocksfoot grass 

Fescue grass + . . . 

Timothy grass -f . . . 

Cows’ blood) , i. 1 + . . . 

Cows’ milk } + . . . 

In the soya- bean oil chromatogram three spots with Rp 
values 0-50, 0'72 and 0-84 were obtained %vith the Emmerie- 
Engel reagents. The presence of y- and S-tocopherols was 
confirmed by means of the o-dianisidine spray. 

Tocopherols occurring in other natural products 

The importance of the tocopherols in the nutrition of farm 
animals is becoming increasingly apparent. Consequently, 
three different species of grass, timothy {Phleum praime), 
cocksfoot (Daciylis glomeraia) and fescue (Feslucapratensis), 
have been examined to determine which tocopherols they 
contain. The grasses were extracted with ethanol in a 
Soxhlet apparatus and the ethanol solution extracted with 
light petroleum (Quaife & Harris, 1948). The unsaponifiable 
fractions were examined in the same way as those from the 
oils. Only a-tocopherol was found in the grasses (Table 1) but 
there is present in cocksfoot a substance which gives a purple 
colour writh NajCOj and diazotized o-dianisidine. Tliis un- 
identified substance moved only a short distance from the 
starting line on the chromatogram (Rp approx. O'Oo). 

The blood and milk of cow's feeding on the three grasses 
contained a-tocopherol only. Because of the relatively low 
levels of tocopherols in cow's’ blood and milk (about 800 and 
150 fig.jlOO ml. respectively), even when the dietary intake 
is 10 g. or more daily (Cabell & Ellis, 1942), about 10 ml. of 
blood serum and 50 ml. of milk are necessary for a satis- 
factory analysis to be made. 

DISCUSSION 


fraction in benzene passed through a prepared column 
(30 X 13 mm.) of Floridin Earth (see above). For each oil the 
filtrate was evaporated under reduced pressure and the 
residue dissolved in warm methanol. After removing the 
sterols by crystallizing at - 16°, the mother liquors were 
applied to the starting line of the paper. The tocopherols 
found in several oils are shown in Table 1. 

Treatment of the chromatogram of the wheat-germ oil 
with the 2 : 2'-dipyridyl-ferric chloride reagents gave, in 
addition to spots at the positions corresponding to the a- and 
)3-tooopherols, a distinct spot at JJj.=0-93. Ammoniacal 
silver nitrate was reduced by the substance, but a spot was 
not obtained with the o-dianisidine reagent. The identity of 
this substance was not ascertained. The spot at f?^=0-72 
was jS- and not y-tocopherol because spraying with sodium 


The Emmerie-Engel method for determining toco- 
pherols depends on the reduction of alcoholic ferric 
chloride followed by reaction of the ferrous salt 
with 2 : 2'-dipyTidyl to give a red ferrous-dipyridy 
complex. Since other substances likely to be 
present in the fat-soluble fraction of natural pro- 
ducts can also reduce ferric to ferrous iron, these 
interfering substances must be removed in order 
obtain the true tocopherol content. Even then com- 
parison with biological assays is difficult because o 
the different biological potencies of the tocophero s, 
and the fact that the Emmerie-Engel reaction does 
not distinguish between the different compounds. 
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The method described in the present work allows 
the purity of the solution under test for tocopherols 
to be assessed and also enables the separation of the 
commonly occurring a-, y- and 8 -tocopherols to be 
achieved. Applications of the method to the 
examination of several oils indicate the usefulness 
of the method. For example, the presence of S- 
tooopherol in soya-bean oil is readily ascertained, 
whereas its existence escaped detection by con- 
ventional methods for many years. In addition, the 
substance in cocksfoot grass which gives a colour 
with diazotized o-dianisidine is shown to be different 
from any of the known tocopherols in its behaviour 
on the chromatogram. Similarly, a non-tocopherol 
ferric -reducing substance which is not removed by 
the saponification, adsorption and crystallization 
processes is present in wheat-germ oil. 

Although the method will probably not be readily 
applicable to routine analysis, its value for reliably 


detecting the presence of naturally occurring tocb- 
pherols is apparent. Application of the method to 
the quantitative analysis of tocopherol mixtrues is 
being undertaken and will be the subject of a further 
communication. 

SUMMARY 

1 . A method is described for the detection of a-', 
j5-, y- and S-tocopherols by filter-paper chromato- 
graphy. 

2. The method has been used for study of the 
tocopherols in various vegetable oils and grasses 
and also in blood and milk. 

) 

The author is grateful to Dr J. Green, Vitamins Ltd., for 
discussions on the use of Floridin Earth, and to the following 
for generous gifts of material: Prof. P. D. Boyer, Dr H. Dam; 
Dr A. Emmerie and Dr M. L. Quaife, Messrs J. Bibby and 
Son Ltd., Roche Products Ltd. and Vitamins Ltd. 


REFERENCES 


Baxter, J. G., Lehman, B. W., Hove, E. L., Quaife, M. L., 
Weisler, L. & Stem, M. H. (1947). Biol. Symp. 12, 484. 
Cabell, C. A. & Ellis, N. R. (1942). J. Nutrii. 23, 633. 
Consden, R., Gordon, A. H. & Martin, A. J. P. (1944). 
Biochem. J. 38, 224. 

Emmerie, A. (1949). Ann. N.Y. Acad. Sci. 52, 309. 
Emmerie, A. & Engel, C. (1938). Bee. Trav. chim. Pays-Bas, 
67, 1351. 

Emmerie, A. & Engel, C. (1939). Bee. Trav. chim. Pays-Bas, 
58, 283. 


Glavind, J., Kjolhede, K. T. .& Prange, I. (1942). Kem. 
Mannedsblad. 23, 43. 

Quaife, M. L. & Dju, M. Y. (1949). J. hiol. Chem. 180, 263. 
Quaife, M. L. & Harris, P. L. (1948). Anal. Chem; 20, 1221, 
Tosid, J. & Moore, T. (1945). Biochem. J. 39, 498. 1 

Weisler, L., Robeson, C. D. & Baxter, J. G. (1947). Anal. 
Chem. 19, 906. 

Williams, R. J. & Kirby, H. M. (1948). Science, 107, 481.' 
Winteringham, P. P. W., Harrison, A. & Bridges, R. G., 
(1950). Nature, Bond., 166, 999. 


Flavin-adenine Dinucleotide and Diaphorase in Resting 
and Germinated Spores, and Vegetative Cells of 
Bacillus subtilis and Bacillus megatherium 


By rosemary E. J. SPENCER and JOAN F. POWELL 
Microbiological Research Department (Ministry of Supply), Porton, Wiltshire 

(Received 22 May 1951) 


riicre tiro conflicting reports on the respiration rate 
of resting bacterial spores, but it is generally agreed 
that it is lower and less sensitive to cyanide than 
that of vegetative colls (Tarr, 1933; Keilin & 
Hartroo, 1947). Keilin & Hartree (1949) have also 
found that although the spores of Bacillus subtilis 
Antional Collection of Type Cultures 85(N.C.T.C.) 
contain considerable amounts of unidentified 
hnemnlm compounds, their cjdocluome content 
IS on J, ,0 of that of vegetative cells, and more 
recently Chaix & Roncoli (1950) have observ'ed de- 
velopmcnt from an aUiiical to a classical cyto- 
chrome spectrum during the growth of several 
strains of B. srAtilis. These findings suggest that 


bacterial spores differ from vegetative cells in 
possessing an alternative to the cytochrome- 
cytochrome oxidase system, possibly in the form of 
a flavoprotein reacting with oxygen, either directly 
imidentified haematin catalyst 
(Slater, 1949a, b) and that this flavoprotein system 
may be replaced by the cytochrome system as 
growth proceeds. 


_ It IS interesting to note that respiration, relatively 
^nsitive to cyanide, has also been demonstrated 
of Neurospora crassa (Goddard & 
1 ^ unfertilized Arbacia eggs (Korr 
1939). The latter were shown to contain haematin’ 
compounds but no cytochrome (Ball & Meyerhof 
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1940) , flavin -adenine dinucleotide (Krahl, Keltch & 
Clowes, 1940), and a substance resembling cyto- 
chrome oxidase (Krahl, Keltch, Neubeck & Clowes, 

1941) . A direct connexion between decreased 
cyanide-sensitivity and flavoprotein synthesis in 
yeast was reported by Pett (1935) who found that 
the flavoprotein content of this organism was 
doubled during growth in a medium containing 
cyanide. In this medium respiration was reduced, 
although fermentation remained at a normal level. 

It seemed of interest, therefore, to determine the 
relative amounts of flavin-adenine dinucleotide in 
resting spores, germinated spores (Hills, 1950; 
Powell, 1950) and fully developed vegetative cells of 
B. subtilis and Bacillus megatherium, and to at- 
tempt to demonstrate the presence of enz 3 nnes 
containing flavin-adenine dinucleotide as their 
prosthetic group. 


ORGANISMS AND METHODS 
Organisms 

Spores of the laboratory strain of B. subtilis used by HiUs 
(1950) andof jB. subtilis N.C.T.C. 85 were grown on CCY agar 
(Gladstone & Fildes, 1940) at 37°. They were reaped after 
a minimum of 3 days, washed five times 'with distilled water 
and stored at room temperature. Vegetative cells of the 
laboratory strain were grorvn on meat e.vtraot-peptone agar 
(Tarr, 1933) containing 1 % Lab-Lemco, 1 % peptone, and 
0-6% NaCl, for 16 hr. at 28°. The cells were reaped and 
Avashed twice with large volumes of saline. No spores were 
visible in a stained film. 

Spores of the laboratory strain require L-alanine specific- 
ally for optimal germination (Hills, 1950). During 30-60 min. 
incubation at 37° in a medium containing 5 msi-L-alanine 
and 50 mM-glucose buffered at pH 7-3 with 33 msr-phos- 
phate, 90% of the spores in a lO’/ml. suspension lose their 
heat resistance, becoming at the same time less refractile and 
more permeable to stains (Powell, 1950). Germinated forms 
for the present investigation Avere obtained in this way and 
were centrifuged and made up to a suitable concentration 
Avith distilled Avater. 

A chemically defined medium in which spores of B. 
subtilis N.C.T.C. 86 Avill germinate has not yet been found, 
so that comparable results are only available for the resting 
spores of this organism. 

Spores of a freshly isolated strain of B. megatherium were 
grown on meat extract-peptone agar (Tarr, 1933) containing 
1% peptone, 0-2% Lab-Lemco, 0-5% NaCl and 0-2% 
glucose. They were reaped after 2 days at 37°, washed three 
times Avith istUled water, heated to 60° for 30 min. and 
finally washed tAvice more. It was found necessary to ice- 
cool suspensions of these spores until they had been washed 
several times, as inadequately Avashed suspensions germi- 
nated completely at room temperature (Powell, 1951). 
Vegetative cells were groAvn on CCY agar, reaped after 16 hr. 
at 28° and washed tAvice Avith saline. No spores were de- 
tectable in a stained film. 

' Germinated spores were obtained by incubating lO’/ml. 
suspensions at 37° for 60 min. in 50 mM-glucose and 
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33 msi-phosphate buflter at pH 7-3. During this time about 
90% of the spores showed the changes associated with 
germination (Powell, 1951) described above. 


Methods n . 

Determination of flavin-adenine dinucleotide by combinat^i 
with the protein of n-amino-acid oxidase. The method de- 
scribed by Warburg & Christian (i938) was used. To 
facilitate extraction of flaAdn-adenine dinucleotide (FAD) 
the spores, germinated spores or vegetative cells were 
broken in a Mickle (1948) tissue disintegrator. A maximum 
of 12 ml. of a suspension containing 10-15 mg./ml. dry 
Aveight were shaken Avith 8 g. Ballotini beads, size 12, for 
45-50 min., a drop of tributyl citrate being added to prevent 
foaming. After this treatment, very few intact cells could 
be seen in a stained film. Oxygen uptake Avas measured at 
37° in Warburg vessels containing the broken cell material, 
an appropriate D-amino-acid, and an excessof D-amino-aoid 
oxidase protein, in an atmosphere of oxygen. The system Avas 
buffered at pH 7-3 rather than at the optimum pH 8-8, 
since Krebs (1935) and Ochoa & Rossiter (1939) report a 
rapid fall in activity of the enzyme under alkaline conditions. 
Controls were set up in which the cell material was replaced 
by a crude preparation of FAD. Total FAD was determined 
on a portion of the broken cell suspension Avhioh had been 
heated to 100° and held at 76-80° for 10 min. in order to split 
the FAD from its enzyme proteins. Free FAD was deter- 
mined on unheated samples. 

Preparation of T>-amino-acid oxidase protein. The apo- 
enz3nne of D-amino-acid oxidase was prepared from pig 
kidneys by a modification of the method of Negelein & 
BrCmel (1939). Kidney cortex was minced and immediately 
freeze-dried. The freeze-dried material was then finely 
powdered and treated tAAice Avith large volumes of acetone. 
The acetone Avas removed by straining the tissue in a muslin 
bag, and then passing a stream of dry air through the 
powderforseA'eral hours. Although the freeze-driedmaterial 
had quite high D-amino-acid oxidase actiAoty before the 
acetone treatment, further pm-ification omitting this step 
resulted in an entirely inactive preparation. TheenzymeAvas 
extracted from the dried poAvder Avith 10 mM-phosphate 
buffer at pH 7-3 instead of the pyrophosphate used by 
Negelein & Bromel (1939), and the extract was treated as 
described in steps 1-5 of the above method. The final pre- 
cipitate was freeze-dried and kept in a desiccator. 

Preparation of flavin-adenine dinucleotide. The prosthetic 
group of D-amino-acid oxidase Avas prepared from baker s 
yeast (United Yeast Co.) according to the method of 
Warburg & Christian (1938) Avith a modification in the final 
stages suggested by the Avork of Straub (1938). The method 
was followed as far as the first precipitation of FADinth 
barium and the removal of the barium as barium sulphate. 
At this stage, the FAD was precipitated Avith a large volume 
of acetone (Straub, 1938), centrifuged, redissolved m a sma 
volume of water and freeze-dried. 

Absorption maxima for this preparation occurred at -oU, 
375 and 450 my. (Unicam spectrophotometer). Molecular 
extinctions at 375 and 450 my. were compared Avith those ot 
the pure barium salt (Warburg & Christian, 1938) nnc 
indicated that the crude preparation contained not more 
than 10% (Table 1) of flavin-adenine dinucleotide, anU 
probably rather less, since absorption by any free ribo avin 
present as an impurity was not taken into account. 


PLAVOPROTEINS IN B. SUBTILIS AND B. MEGATHERIUM 


An accurate estimate of the purity of this FAD prepara- 
tion was obtained by comparison of its activity as the pros- 
thetic group of n-amino-acid oxidase, with that of a sample 
of the barium salt of FAD (Warburg & Christian, 1938) 
containing only 13 % of water. The conditions were the same 
as those used in the estimation of FAD in cell material. The 
weights of the two preparations were accurately determined 
on a microbalance and checked by measuring the extinctions 
of the solutions in the Unioam spectrophotometer at 
450 mp. 

The molecular extinction coefficient c is the optical density 
of a solution of concentration 1 g.mol./l. and path length 
1 cm. Warburg & Christian (1938) measure the absorption 
coefficient, p, which is the natural logarithm of the reciprocal 
transmission 

e = p/(2-3026xl03). 


was transferred to a water bath maintained at 38°. The time 
needed for 90 % reduction of the methylene blue was noted. 
Broken suspensions of resting and germinated spores and of 
vegetative cells, previously analysed for FAD were sub- 
stituted for diaphorase and their activities compared. Some 
cell suspensions were also tested in the presence of added 
diaphorase, and of larger amounts of Col (1 mg.). In a few 
experiments with broken spores the location of the enzyme 
activity was determined by testing the supernatant liquid 
and the cell debris separately after centrifuging. 

Preparation of lactic dehydrogenase. The enzyme was pre- 
pared from ox heart by a modification of Straub’s (1940) 
method. The heart muscle was minced, and the enzyme 
extracted with ice-cold water and precipitated by 60% 
saturation with ammonium sulphate. After centrifuging in 
the cold, the precipitate was dissolved in 10 mM-phosphate 


Table 1. Spectrophotometric absorption data for flavin-adenine dinudeotide preparation 


Wavelength (mp.) 

Concn. of solution of crude FAD in pg, total solid/ml. 
Extinction coefficient of crude FAD solution 
Molecular extinction of crude FAD solution 
Molecular extinction of pure barium salt (Warburg & 
Christian, 1938) 

Percentage FAD in crude preparation 


260 

89 

1-3 

1-34x10* 
3-64 X 10* 

36-8 


375 

445 

0-50 

0-103 X 10* 
0-895 X 10* 

11-5 


460 

445 

0-535 

0- 111 X 10* 

1- 13 xlO* 

9-85 


Detection of flavoproteins. n-Amino-acid oxidase, n- 
amino-aoid oxidase and xanthine oxidase were assayed by 
measuring OjUptake, in an atmosphere of Oj, in the presence 
of the specific substrate. 

For the detection of amino-acid oxidases, the system 
contained 16 mM-amino-acid, 40 mM-phosphate buffer at 
pH 7-3 and 10-20 mg. dry weight of cell material. Synthetic 
DL-alanine, valine, phenylalanine, norleucine and methio- 
nine were used. n-Leucine and L-proline were also tested at 
a concentration of 8 mM. To detect xanthine oxidase 3-3 mw- 
xanthino was substituted for the amino-acid. 

The system used to detect diaphorase was that of Straub 
(1939; 1940) and Sumner & Itrishnan (1948). It contained 
0-2 ml. 10% sodium lactate, 0-5 ml, lactic dehydrogenase 
solution, 1 ml. 2% (w/v) HCN, 20-40 pg. coenzyme i (Coi), 
1 ml. diaphorase solution, 0-1 ml. 0-05% (w/v) methylene 
blue, and 0-5 ml. 200 mM-phosphate buffer, pH 7-3. The 
reaction proceeds anaerobically thus: 


I/Tclic dehydrogenase 


Diaphorase 


Lactate 

I’yruvate 




Coi, 2H M.B. (Leuco) 

fc. 3 Cm.b. 


ncx 

Cy.-mhvdrin 


diajihorave activity being indicated by decolorization of the 
methylene blue. 

The method ofFriedemann & Hollander (1942) was used 
m tins test, because a qualitative result only was required. 

le n-siilts obtained cannot be regarded ns quantitative 
ovmg to the presence of dissolved oxygen in the medium. 
An equal volume of 2% (w/v) melted agar, cooled to 45“ 
".as nddetl to the complete system contained in an ice- 
ccHiletl lest -tulx-. The contents of the tube %vcro thoroughly 
mixed and when the agar had solidified (1 min.) the tube 
Bioebem. 1932, .'ll 


buffer, pH 7-3, and recentrifuged to remove insoluble 
material. A second precipitation at 60% saturation with 
ammonium sulphate gave a preparation which, when dis- 
solved in a small volume of phosphate buffer, retained its 
activity during 2 months’ storage at 4°. The enzyme solution 
was subsequently freeze-dried xvithout loss of activity. 

Preparation of soluble diaphorase. The method of Straub 
(1939) was used, except that in the initial treatment a 
Waring blender was employed to break up the heart muscle. 
The method was then followed to the stage in which the 
diaphorase was brought into solution. The activity of this 
solution was not diminished during 2 months’ storage at 4° 
or by freeze drying. 

Spore respiration. Oxygen uptake of spores was measured 
in Warburg manometers in 33 msi-phosphate buffer 
pH 7-3 at 37°, with and without the addition of 50 mM- 
glucose. In determinations of the cyanide-sensitivity of the 
respiration, steady overall concentrations of cyanide were 
maintained by the use of KOH-KCN mixtures in the centre 
well (Potter, 1948). 

Chemicals. Coenzyme I (cozymase) was a commercial 
preparation supplied by L. Light and Co. Ltd., who also 
supplied DL-alanine, DL-x-aline, DL-phenylalanine, and dl- 
norleucine, and L-leucine and L-proline. L- Alanine was sup- 
ph'ed by Roche Products Ltd. HCN 2 % (w/v) was pre- 
pared freshly by neutralizing a KCN solution with HjSOi. 


j. vAUij W XJ J. O 


Flavin-adenine dinudeotide content of cells 

A system containing 3 mg. D-amino-acid oxidase 
protem, 33 mM-DL-methionine, 2-7 pg. crude FAD 
and 75 mM-phosphate buffer (pH 7-3) in a total 
yo ume <ff 2-5 ml. gave an oxygen uptake of 53 ul./ 
10 mm. The rate of oxygen uptake was directly 
proportional to the amount of FAD added, provided 


16 
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that the apoenzyrae was in excess. With methionine 
as substrate the rate was four times as great as with 
DL-alanine. This activity ratio is twice that found 
by Kirebs (1936) and is probably due to the presence 
of inhibitory substances in the synthetic r>L-alanine, 
since another batch of this amino-acid inhibited 
the enzyme completely. Methionine was therefore 
generally used as substrate. 

When disintegrated cells were substituted for 
crude FAD in the above system an oxygen uptake 
was recorded proportional to the amount of cell 
material added. Thus the relative amounts of free 
and combined FAD in spores, germinated spores 
and vegetative cells could be estimated. Compared 
with the pure barivun salt of FAD, the preparation 
used as a standard contained 76'8 ±3-0 mg. active 
FAD/g. Tire values given in Table 3 for the total 
FAD content of the cells examined are calculated 
from this estimation of the purity of the standard. 
The standard error quoted is that of the mean of two 
experiments from each of which quadruplicate 
results for both preparations were obtained. 

The results of a typical experiment are summar- 
ized in Table 2. It was found that, in the absence of 
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the substrate, or FAD, or the apoenzyme, the system 
was inactive. No oxygen uptake was recorded when 
cell material was substituted for F AD , unless both 
substrate and enzyme protein were present. 

In a duplicated experiment, 40 [i.g. of FAD pre- 
paration were added to 10 ml. of spore suspension, 
the total and free dinucleotide activity then being 
measured in the usual way. The results indicated 
that none of the added FAD was destroyed during 
cell breakdown, but that when the total dinucleo- 
tide activity was determined after heating, there 
was a 30 % fall in activity of the added material. 
On the other hand, when a broken spore suspension 
was heated for 30 .min. at 75-80°, no fall in total 
dinucleotide activity was detected. It therefore 
seems probable that the partially purified FAD is 
more thermolabile than the FAD in the spore. 

Experiments in which broken spore suspensions 
were centrifuged and the supernatant liquid substi- 
tuted in the test system, showed that FAD activity 
was not associated with the cell debris. The addition 
of tri-butyl citrate, used to prevent foaming during 
cell breakdown, was found to have no effect on the 
oxygen uptake of the d - amino-acid oxidase system. 


Table 2. Protocol of experiment to assay flavin-adenine dinucleotide content of Bacillus subtilis spores 


Manometer 

Water 

Phosphate buffer, 200 mM, pH 7-3 
DL-Methionine, 163 mai (in side arm) 
Flavin-adenine dinucleotide, 8/<g, crude 
preparation/ml. 

n-Amino-acid oxidase protein, 6 mg./ml. 
Broken suspension of B. subtilis spores 
5'5 mg./ml. (dry wt.) 

20% (w/v) KOjH (in centre well) 
Oxygen uptake (ftl./lO min.) 


Controls 




t ' 




1 

2 

3 

4 

1-26 

1-25 

1-5 

bO 

0'6 

0-6 

0-5 

0-5 

NU 

0-25 

0-25 

0-25 

0-25 

Nil 

0-25 

0-25 

0-5 

0-5 

NU 

0-5 

Nil 

NU 

NU 

NU 

0-2 

0-2 

0-2 

0-2 

0 

0 

0 

40 


Unheated spores 
(ml.) 

- A 


6 

6 

7 

8 

0-5 

0-75 

0-25 

0-75 

0-5 

0-5 

0-5 

0-6 

Nil 

0-25 

0-25 

0-25 

Nil 

NU 

NU 

Nil 

0-5 

Nil 

0-5 

0-5 

1-0 

1-0 

l-O 

0-5 

0-2 

0-2 

0-2 

0-2 

0 

0 

21 

10-5 


Spores heated to 100° 
(ml.) 

^ A ^ 


9 

10 

11 

12 

0-5 

0'75 

0'25 

0-75 

0-5 

0-5 

0'5 

0-5 

Nil 

0-25 

0'25 

0-25 

Nil 

Nil 

NU 

m 

0-5 

NU 

0-5 

0-6 

1-0 

1-0 

1-0 

0-5 

0-2 

0-2 

0-2 

0-2 

0 

0 

41 

20 


.Table 3. Flavin-adenine dinucleotide content of bacterial cells 

(The content was estimated by measurement of the O 2 uptake of tl 
FAD) in presence of n-amino-acid oxidase apoenzyme + methionine. 


B. subtilis (lab. strain): 
Spores 

Germinated spores 

Vegetative cells 
B. megatherium-. 

Spores 

Germinated spores 
Vegetative cells 

B. subtilis N.C.T.C. 85: 
Spores 


No. of 
experi- 
ments 


5 

4 


11 

5 

4 


Dry wt. 
of cells 

(mg.) 

5-56 

2-2 

(approx.) 

1-8 


7-76 

2-07 

7-35 


Spore 

count 

10‘o 

lO’o 


IQW 

10 “ 


2-2 X 10“ 


1 ml. OJIO min. = 3-56 ,ig. FAD.) 

Mean Oj Mean O 2 

uptake of uptake of 
unheated heated 

suspension, suspension. Percentage 

Total 

FAD 

Free FAD 

Total FAD 

combined 

(Ag-/g-, 

(pl./lO min.) 

1 (/J./IO min.) 

FAD 

dry wt.) 

22-2 

42-2 

48 

29-4 

20-25 

39-6 

49 

• 

3-0 

27-5 

80 

123-0 

9-3 

59-0 

84 

29-7 

9-2 

59-2 

85 

— 

2-0 

40-0 

90 

98-0 

52 

54-5 

6 

28-9 
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The figures for FAD content of resting spores of 
two strains of B. subtilis and one strain of B. 
megatherium are given in Table 3. Although there 
were great differences in the ratio of free to combined 
FAD in the three organisms, the total amoimts were 
remarkably similar. 

Vegetative cells contained considerably greater 
amounts (3-4 times) of FAD. Comparisons were 
made on a basis of dry weight, which was determined 
by heating continuously at 104° for at least 48 Im. 
In germinated spores of the laboratory strain of 
B. subtilis and B. megatherium, both the total FAD 
and the ratio of free to combined FAD were the 
same as in resting spores on the basis of spore 
number. In this case, dry weight was not considered 
a satisfactory basis for comparison since germinated 
spores of B. subtilis were found to have a dry weight 
less than half that of the same number of resting 
spores, although no cell division had occurred. An 
explanation is at present being sought for this 
result. Slight inaccruacies must arise in this deter- 
mination since after centrifuging the germinated 
spore suspension small amounts of medium still 
remain associated with the residue. Washing would 
have removed these, but might have introduced 
further errors, for example, by extracting soluble 
material from the germinated spore. The dry weight 
of germinated spores of B. megatherium was not 
determined. 


strains of B. subtilis. It was later found that the 
activity of the heart diaphorase preparation was 
completely inhibited by broken spores of B. mega- 
therium. The inliibition could be prevented by the 
addition of larger ammmts (1 mg.) of Coi, but not 
by excess FAD. It seems that the spores of B. 
megatherium contain a substance which either 
removes, or competes with, Coi, reader the experi- 
mental conditions. The inhibitor was associated 
with the cell debris and was stable during 10 min. at 
100°. No such substance was present in the spores of 
B. subtilis, and moreover the action of the diaphor- 
ase-like enzyme which they contain was only 
slightly inhibited by addition of broken B. mega- 
therium spores. This effect could not be accounted 
for by the presence of relatively large amounts of 
Coi in 15. subtilis spores, since they were unable to 
reduce methylene blue when added to the dehydro- 
genase system in the absence of added Coi. 

It may be significant that the times for reduction 
of methylene blue by the various cells were roughly 
in inverse proportion to the amount of bound FAD 
contained in these cells. 

Oxygen uptake of spores 

We have attempted to measure the oxygen uptake 
of resting spores of the laboratory strain of B. 
subtilis in phosphate buffer only. None could be 
detected using a micro -Warburg apparatus (Barker. 


Occurrence of flavoprotcins 

x..Amino-acid oxidase ajtd D-amino-acid oxidase. 
No oxygen uptake generally occurred with resting 
spore suspensions of the laboratory strains of B. 
megatherium and B. subtilis in the presence of any of 
the amino-acids tested. In some cases in which 
a small oxygen uptake was recorded, it could be 
attributed to germination during the course of the 
experiment. Germinated spores possessed a low 
amino-acid oxidase activity (1 fil./hr./mg. dry 
weight) which ivas completely lost when the sus- 
pension was broken up. 

Xanthine oxidase. Negligible rates of oxygen 
uptake were observed in the cells tested with 
xanthine ns substrate. Vegetative cells of B. subtilis 
pave the highest oxygen uptake, which was only 
about 1 ;tl./!ir./mg. dry weight. 

Diaphorase. An enzyme similar in its action to the 
diaphorase of heart muscle was present in all cells of 
the three organisms studied. The enzjTne remained 
in tlie supernatant, liquid after the broken cell 
siLspension had been centrifuged at 1100 xg for 
20 min. and was completely inactivated by heating 
for min. at 100°. The dinphorase-like enzjme in 
noting and genninnted spores of B. megatherium 
required the addition of much larger amounts of 
Coi for its demonstration than did that in the two 


1949) containing up to 30 mg. dry weight of a 
ten-times washed suspension. A measurable, but 
variable, oxygen uptake occtured in the presence of 
50 lUM -glucose. This could be reduced by heating at 
60° for 15 min., the ,Qo„ over an experimental period 
of 2-5 hr. then being 6-4:2 compared with of 2-1 
over the same period reported by Keilin & Hartree 
(1947) for spores of B. subtilis N.C.T.C. 85. The 
uptake of spores of the laboratory strain in 
50 imi -glucose was found to increase 200-fold after 


30 min. incubation in 5 mM-n-alanine. This high 
uptake, associated with germinated spores, 
was found to be considerably less sensitive to cyanide 
than that of vegetative cells. Thus 0-lmM-HCN 


causea /q inmbition oi vegetative cell respiration 
and 24 % inhibition of germinated spore respiration. 
Similar results were obtained with germinated 
spores and vegetative cells of B. megatherium. Here, 
0-2 mii-HCN gave 70 % inhibition of vegetative cell 
respiration and 40 % inliibition of germinated spore 
respiration. Corresponding figures for 0-4 msi-HCN 
were 79 and 58 % respectively. These results imply 
that the oxj'gen uptake of resting spores may be 
even lower than that hitherto recorded, and that 
the cyamde-insensitive respiration previously con- 
sidered to be a property of resting spores may be in 
lact due to a small proportion of germinated forms 
present in the suspensions. 


16-2 
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DISCUSSION 


Flavin-adenine dinucleotide and an enzyme closely 
resembling diaphorase in function have been found 
in all the resting spores, germinated spores and 
vegetative cells tested. Although the total amounts 
of flavin-adenine dinucleotide in spores of the three 
organisms investigated are very similar, the ratios 
of free to combined dinucleotide differ considerably. 
Diaphorase activity appears to nm roughly parallel 
with the proportion of bound dinucleotide. These 
findings may not, however, represent the state in the 
intact spore, since it is possible that flavin-adenine 
dinucleotide is split from its apoenzyme to varying 
degrees in different organisms dming cell breakdown. 

During germination, i.e. the primary change 
involving loss of heat resistance of spores, no altera- 
tion could be detected in the total, or in the ratio of 
free to combined, flavin-adenine dinucleotide, when 
the comparison was made on the basis of spore 
number. Vegetative cells contained three to four 
times as much flavin-adenine dinucleotide per unit 
of dry weight and 80-90 % of this was in the com- 
bined state. They also had a much higher diaphorase 
activity than spores. A comparison between spores 
and vegetative cells based on dry weight must, how- 
ever, be made with some caution, since the spore 
coat contributes an unknown proportion of the dry 
weight. Even with this reservation it does not seem 
that development from spore to vegetative cells is 
accompanied by a fall in flavin-adenine dinucleotide 
content or diaphorase activity. In view of the 
findings of Curran, Dewar, Gordon and Green (1939), 
indicating that xanthine oxidase can replace di- 
aphorase in the dehydrogenase -methylene blue 
system, it is important to note that negligible 
xanthine oxidase activity was detected in the 
organisms tested. 

It is significant that the respiration rate of spores 
of B. subtilis N.C.T.C. 85 was reported respectively 
by Cook (1931), Tarr (1933) and Keilin & Hartree 
(1947) as 90, 40 and 6 % of that of vegetative cells. 
It seems probable that the spore suspensions used 
contained germinated forms not easily character- 
ized except by their lack of heat resistance and 
slight difference in staining properties (Powell, 
1950). For instance, in the spore suspensions em- 
ployed by Tarr (1933) fully developed vegetative 
cells were observed after 2 hr. incubation, so that, in 
this case at least, germination must have taken place 
at a considerably earlier stage in the experiments. 
Comparative insensitivity to cyanide cannot be 
taken as a criterion of resting spore respiration, since 
we have fovmd that the oxygen uptake of germinated 
spores is also considerably less sensitive to cyanide 
than that of vegetative cells. 

The occurrence of combined flavin-adenine 
dinucleotide, together with the demonstration of a 
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diaphorase-like enzyme in spores of B. subtilis and 
B. megatherium, offers some support for the view 
that bacterial spores possess a respiratory mechanism 
involving a flavoprotein. We have found the oxygen 
uptake of resting spores in buffered glucose to be 
extremely low. If the uptake measured is, in fact, 
that of resting spores and not due to a small pro- 
portion of germinated forms, its cyanide-insensitive 
component may possibly be attributed to slow 
autoxidation of the diaphorase-like enzyme. If this 
enzyme is indeed diaphorase, it must be coupled 
wdth a readily autoxidized catalyst in germinated 
spores to account for their relatively high respiration 
rate. This catalyst may well be ahaematincompovmd 
of comparatively low cyanide sensitivity. 

In accounting for the low sensitivity of their 
respiration to cyanide, the possibility must not be 
ignored that spores may contain a large excess of 
heat-stable cytochrome oxidase (Militzer, Sondegger 
& Tuttle, 1950) over cytochrome c or some other in- 
termediate constituent of the system. The amount of 
cytochrome c or other intermediate compoimd would 
then be the limiting factor in the oxidation, even 
when a large part of the cytochrome oxidase was in- 
activated by an inhibitor. Preliminary experiments 
to investigate this point have shown that both intact 
and broken resting spores of the three organisms 
used in this report will catalyse the oxidation of 
dimethyl jo-phenylenediamine and quinol (Powell, 
1952), These oxidations do not, however, show 
the characteristics of a typical cytochrome oxidase 
catalysis. Moreover, the oxidizing activity of spores 
disappears dming 3—4 months’ storage in water at 
room temperature, although viability and tendency 
to germinate in the chemically defined media are 
maintained. It seems possible, therefore, that an 
atypical cytochrome-cytochrome oxidase system 
may, at first, exist in resting spores, but that this 
system is not necessary to maintain viability or to 
promote the initial chemical changes involved in 
germination. 

SUMMARY 

1. Flavin-adenine dinucleotide has been shown 
to be present in aU the cells tested, i.e. resting spores, 
germinated spores, and vegetative cells of laboratory 
strains of Bacillus subtilis and B. megatherium, and 
resting spores of B. subtilis N.C.T.C. 85. 

2. During germination of spores of the laboratory 
strains of B. subtilis and B. megatherium in cheim- 
cally defined media, no change in total flavin-adenine 
dinucleotide content, or in the relative amounts 0 
free and bound dinucleotide occimred. 

3. No L-amino-acid oxidase, n-amino-acid oxi- 
dase or xanthine oxidase activity could be 
strated in resting spores of B. subtilis and 
megatherium or in germinated spores of B. mega- 
therium and the laboratory strain of B. subtilis. 
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7. Oxygen uptake of JS. subtiMs and B. mega- 
therium spores increased approximately 200 times 
following germination. This oxygen uptake was 
considerably less sensitive to cyanide than that of 
fully developed vegetative cells. 
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4. An enzyme capable of oxidizing reduced 
coenzyme I' and reducing methylene blue occurred 
in all types of cell of B. subtilis and B. megatherium. 

5. Spores of B. megatherium contained a heat- 
stable substance which inhibited reduction ^ of 
methylene blue by heart diaphorase, the inhibition 
being prevented by the addition of large amounts 
(1 mg.) of coenzyme I. 

6. No oxygen uptake could be measured with 
resting spores of the laboratory B. subtilis in phos- 
phate buffer. The Qo^ of these spores in buffered 
glucose, after preliminary heating at 60° for 15 min., 
was 0-42. 


We wish to thank 5Ir L. H. Kent for helpful discussion and 
criticism, Dr B. B. Record for the freeze drying of enzyme 
preparations, and Prof. 0. Warburg (Kaiser WUhelm- 
Institut fiir Zell-physiologie) for so kindly providing a 
sample of the barium salt of flavin-adenine dinucleotide. 
Permission to publish has been granted by the Chief 
Scientist, Ministry of Supply. 
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Pseudo-Cholinesterase Activity in the Central Nervous System 

By MARGERY G. ORD* and R. H. S. THOMPSON 
Department oj Chemical Pathology, Guy's Hospital Medical School, London 


(Received 10 October 1951) 


In nu enrlicr report on the tj’pes of cholinesterases 
present in the ti.ssuos of the rnt (Ord & Thompson, 
19.50), it wits shown that whereas whole brain, 
strintod muscle nnd suprarenal gland contain only 
small amounts of n ‘non-specific’ (Nachmansohn 
A Rothonberg. 1945) or ‘pseudo ’-cholinesterase 
(- lendol A Rudney, 1943n), the other tissues which 
wen> studied each showed a considerable level of 
nclivity of this txyio of osteraso; stomach, liver, lung 

• Po'sont .adil^: Department of Bioebemistrv, Uni- 
vor-Uy of Oxford. 


and salivary gland were found to hydrolyse ben- 
zoylcholine and acetyl-^-metbylcboline at approxi- 
mately equal rates, avhile heart, intestinal muscle 
and mucosa, Harderian gland and skin contain 
predommantly a pseudo -cholinesterase, benzoyl- 
cholme hemg hydrolysed from two to six times more 
rapidly than acetyl-^-methyloholine. 

-Although no exidence could at that time be 
brought forward as to the physiological significance 
of this xwdely distributed pseudo-cholinesterase, it 
was decided to extend this study to human tissues. 
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and because of the interest attaching to the high 
level of overall cholinesterase activity in the central 
nervous system, a start was made with human 
brain.. 

Although little work has been done on human 
brain in this respect, the brains of a number of other 
mammalian species have received attention. 
Nachmansohn (1939) demonstrated the varying 
ability of different areas of dog, ox, rabbit and 
human brain to hydrolyse acetylcholine and showed 
that the white matter of the central nervous system 
was less active than the grey. Birlihaiiser (1940)also 
reported on the acetylcholine-hydrolysing activity 
of human brain. Turning to the different types of 
cholinesterase, Mendel & Rudney (19436), using 
‘specific’ substrates for ‘true’ and pseudo-cholin- 
esterases (Mendel, Mundell & Rudney, 1943), stated 
that the brains of anumber of vertebrate species con- 
tained only the true cholinesterase and no pseudo- 
cholinesterase (see also Nachmansohn & Rothenberg, 
1944). Little (1948), working with preparations 
derived from whole mouse brain, also failed to 
demonstrate any significant amoimt of pseudo- 
cholinesterase. Contrary to the earlier views on the 
specificity of brain cholinesterase, ■ Augustinsson 
(1948) reported that extracts of dog and elephant 
brain and also of the caudate nucleus of the bear 
split benzoylcholine, although at a very low rate. 
Zeller (1949) also found both types of esterase 
present in elephant brain, and in homogenates of 
whole rat brain Ord & Thompson (1950) demon- 
strated a measurable rate of hydrolysis, of benzoyl- 
choline, although amoxmting to only about 6 % of 
the rate of hydrolysis of acetylcholine. In a detailed 
study of the dog’s brain Burgen & Chipman (1951) 
have recently shown that benzoylcholine is hydro- 
lysed at a relatively rapid rate by certain areas. 
Both types of cholinesterase had earUer been found 
to be present in peripheral nerve (Boell, 1945; 
Sawyer, 1946). 

In view of our earlier findings, and since the 
different types of cholinesterase do not appear to 
have been studied in hmnan brain, we decided to 
investigate the substrate specificity of the cholin- 
esterases in this human tissue, and to attempt to 
characterize the enz5mies further by summation 
studies and by a study of the sensitivity of the 
hydrolysis of different esters to inhibition by eserine, 
diisopropyl fluorophosphonate and the selective 
inhibitor Nu 1250 (see below) introduced by 
Hawkins & Mendel (1949). We have also extended 
some of these findings to rat, rabbit, guinea pig, cat 
and dog brains. 

EXPERIMENTAL 

Estimation of esterase, activity. This was carried out mano- 
metrically at 38° and at pH 7-4, using the Warburg 
apparatus. All measurements were made in duplicate, and 
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were corrected for non-enzymic hydrolysis of the substrate. 
Esterase activity is expressed as pi. COj/g. wet %vt. of 
tissue/hr. 

Preparation of tissties. Human tissues were removed from 
cadavers as soon as possible after death; it was later found 
that storage of human nervous tissue at 0-4° for 3-5 days 
did not cause any significant loss of esterase activity. 

The parts of the brain to be studied were dissected out, 
mopped free from adherent- blood -with filter paper, washed 
■with 0-9% (w/v) saline, weighed and homogenized in 
0-025 Ji-NaHCOs. The homogenates, whose concentrations 
were chosen to give suitable CO2 evolutions when measured 
overO-30 min., were added to themain bulbs of the Warburg 
flasks. 

Brains from other species were obtained after the animals 
had been killed by CHCI3, decapitation or air-embolism; the 
areas under study were then prepared and homogenized as 
above. 

Substrates. Acetylcholine chloride (ACh), British Drug 
Houses Ltd.; acetyl- j3-methylcholine chloride ([MeaN-^-CHj. 
GHMe . OAc] Cl“) (MCh), Savory and Moore Ltd.; benzoyl- 
choline chloride (BCh), prepared by Dr A. H. Eord Moore, 
Experimental Station, Porton; propionylchofine perchlor- 
ate (PrCh), provided by Dr V. P. Whittaker, Department 
of Biochemistry, Oxford, and later syhthesized by standard 
methods; butyrylcholine chloride (BuCh), British Drug 
Houses Ltd. ; tribut3nin (TB), British Drug Houses Ltd. 

The choline esters were dissolved in 0-025M-NaHC03 
immediately before use, the final concentrations used 
throughout being 0-015M for ACh and BCh, and 0-03 m for 
MCh, PrCh and BuCh. The tributyrin was pipetted directly 
into the side ami of the Warburg flask (0-03 ml./flask), and 
was covered -with a small volume of 0-025M-NaHC03. 

Inhibitors. Eserine sulphate, British Drug Houses Ltd,; 
diisopropyl fluorophosphonate (DFP), kindly provided by 
the Experimental Station, Porton; W-p-cIdorophenyl-A- 
methylcarbamate of TO-hydroxyphenyltrimethylammonium 

bromide (Nu 1250), HoSinan la Roche Ltd. 

The inhibitors were dissolved in 0-025 M-NaHC03 im- 
mediately before use. 

RESULTS 

The relative activities of homogenates of different 
regions of human brain towards ACh, BCh, BuCli 
and MCh are shown in Table 1. The results given are 
the mean of at least two experiments with each 
tissue. 

In agreement with the work of Nachmansolin 
(1939) and others, the rate of hydrolysis of acetyl- 
choline varies widely according to the region studied, 
being high in the basal ganglia and other areas rich 
in synapses, but low in those parts consisting mostly 
of tracts of fibres. 

When the activity towards acetyl-^-methyl- 
choline is considered, it -will be seen that those 
regions which are most active towards acetylcholine 
and which are rich in synapses (basal ganglia and 
grey matter) have also a high activity towards 
MCh, confirming the previous classification of bram 
cholinesterase as being mainly of the specific or 
‘true’ type. 
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In all the regions studied, however, a measurable 
rate of hydrolysis of BCh was present. Here also 
variations in rate were found between preparations 
from different areas though^ the differences were 
smaller in degree than with either ACh or ^ICh. Jn 
regions rich in synapses, the activity towards BCh 
tended to follow the activity towards MCli, although 
it was in every case very much lower than the MCh 


the rates of hydrolysis of non-chohno esters by 
different regions of the brain with their cholmcstcr- 
aso contents (Table 2). The activity towards tn- 
butyrin was fairly constant in the areas of lugh 
synaptic density which wore examined, but was 
much lower in the subcortical white matter. From 
a comparison with the results given in Table 1 the 
levels of TB hydrolysis do not appear to bo related 


PSEUDO-CHOLINESTERASE ACTIVITY IN THE C.N.S. 


Table 1. Rclaiiva cholinealcrasc. activitica of different regions of human brain, 
uaing ACh, BCh, BuGh and MCh as substrates 


Region 

Lentiform nucleus 
Caudate nucleus 
Substantia nigra 
Cerebellum 
Thalamus 
Red nucleus 


Pre- and post-central gyri 
Frontal cortex 
Occipital cortex 


Pre- and post-central gyri 
Frontal lobe 
Occipital lobe 


Absolute activity 
((xl. CO./g. (wet wt.)/hr.) 

A _ 


ACh 

BCh 

BuCh 

MCh 

24650 

438 

1392 

17775 

16900 

240 

881 

10700 

6540 

173 

— 

4110 

4540 

152 

1600 

2887 

1620 

94 

650 

942 

1537 

128 

— 

1354 


Cortical grey 

matter 


476 

35 

204 

260 

439 

31 

— 

230 

322 

31 

— 

170 


Subcortical white matter 


276 

91 

694 

82 

523 

131 

1024 

64 

319 

66 

— 

63 


Activity as percentage 
of ACh activity 

» Ratio: 


BCh 

BuCh 

MCli 

MCh/BCh 

2 

G 

72 

36 

1 

5 

64 

64 

3 

— 

74 

25 

3 

35 

64 

21 

6 

40 

68 

10 

8 

— 

88 

11 

7 

43 

55 

8 

7 

— 

52 

7 

10 

— 

53 

5 

33 

210 

30 

0-9 

25 

196 

12 

0-5 

21 

— 

17 

0-8 


level. On the other hand, in the different areas of 
subcortical white matter which were examined, the 
rate of hydrolysis of BCh was in every experiment 
greater than that of MCh, and amounted to 21-33 % 
of the activity towards ACh. This finding was 
emphasized when BuCh was used as a substrate 
instead of BCh. Although this compound iS very 
readily hydrolysed by pseudo-cholinesterases it is 

Table 2. Hydrolysis of iribuiyrin by different 
regions of human brain 

Activity 

Region {fit. COj/g. (wet wt.)/hr.) 

licntiform nucleus 3972 

Caudate nucleus 3393 

Cerebellum 2132 

Thalamus 2353 

Cortical grey matter 2640 

(pre- and post-central gyri) 

Subcortical white matter 802 

(pro- and post-central gyri) 

only attacked slowly by the true cholinesterase. It 
will be seen from Table 1 that human subcortical 
white matter hydrolyses BuCh at more than twice 
the rate of ACh hydrolysis and more than seven 
times the rate for MCh. 

A number of e:^erim6nts have also been carried 
out with tributyrin as substrate in order to compare 


either to the activity towards MCh or towards BCh 
or BuCli. Tlie independence of the enzymes hydro- 
lysing these choline and non-choline esters is con- 
firmed both by summation experiments (Table 3) 
and by the use of eserine as a differential inliibitor, 
10-®M-eserine sulphate producing 80-97 % inhibi- 
tion of the hydrolysis of the choline esters, and 
only 2-22% inhibition of the hydrolysis of TB 
(Table 4). 

These results suggest that the white matter of the 
human cerebrum contains very much more pseudo- 
cholinesterase than the grey matter, although its 
tributyrinase content is lower. It was decided 
therefore to study the brains of other mammalian 
species to determine whether this predominant 
distribution of pseudo-cholinesterase in the white 
matter applies also to other species. Results ob- 
tained with preparations from the grey matter of 
the cerebral cortex and the subcortical white matter 
from five species are shown in Table 5; results 
obtained with human brain are included for com- 
parison. 

It will be seen that in all the species studied the 
rate of hydrolysis of BuGh by subcortical white 
matter was greater than that of MCh, and in every 
species except the dog BuCh was hydrolysed more 
rapidly by subcortical white matter than by the 
grey matter of the cerebral cortex. 
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Table 3. Summation experiments with choline esters and tributyrin as substrates for human-brain preparations 


Hydrolysis rate 
(,.1. COJg./hr.) 



/ 

— 


N 





Both esters 



Choline 


/ 

^ 

‘Summation' 

Enzyme source 

ester 

Tributyrin 

Found 

Calc. 

(%) 


ACh 





Subcortical white matter 

780 

928 

1496 

1708 

88 

Cortical grey matter 

585 

3376 

3580 

3961 

90 


MCh 





Cerebellum 

3340 

2660 

5960 

6000 

99 


BuCh 





Subcortical white matter 

817 

1158 

1813 

1975 

92 

Lentiform nucleus 

1202 

4444 

6180 

5646 

110 

Caudate nucleus 

938 

3396 

4620 

4334 

107 

Table 4. Effect of eserine (10~®m) on the hydrolysis of choline esters and 

tributyrin 


by human-brain homogenates 






Inhibition 





/ 

(%) 

A 





Choline ester 

Tributyrin 

Enzyme source 

BuCh 




Lentiform nucleus 


82 


8 


Caudate nucleus 


96 


2 


Subcortical white matter 

80 


8 




ACh 




Cerebellum 


93 


11 


Cortical grey matter 


97 


22 



Table 5. Distribution of cholinesterases in the grey and white matter of the cerebrum 

of different mammalian species 


Acti-\nty as percentage 




(pi. COj/g./hr.) 

A 


of ACh activity 

A 

Ratio: 

Enzyme source 

' ACh 

BuCh 

Cortical grey 

MCh 

matter 

BuCh 

MCh 

JICh/BuCh 

Human 

476 

204 

260 

43 

55 

1-3 

Babbit 

8340 

1981 

6710 

24 

81 

3-4 

Bat 

6100 

1935 

4555 

32 

75 

2-4 

Guinea pig 

4370 

1009 

2720 

23 

62 

2-7 

Cat 

2340 

117 

2295 

5 

98 

20 

Dog 

1799 

1173 1063 

Subcortical white matter 

65 

59 

0-9 

Human 

275 

594 

82 

216 

30 

0-1 

Babbit 

7790 

9084 

2387 

117 

31 

0-3 

Bat 

6525 

3257 

2389 

50 

37 

0-7 

Guinea pig 

7145 

18925 

1564 

266 

22 

0-1 

Cat 

2350 

4550 

549 

194 

23 

0-1 

Dog 

328 

■ 595 

151 

181 

46 

0-3 


Characterization of the pseudo-cholinesterase 
in ivhite matter 

Although BCh and BuCh have been shown to be 
‘specific’ substrates for pseudo -cholinesterases 
from other somces it was thought advisable to 
characterize more exactly the enz 5 nne in white 
matter hydrolysing these substrates. 


Summation experiments with BCh and MCh con- 
firmed that these substrates were hydrolysed by 
different enzymes; for example, the rates of hydro- 
lysis fovmd in one experiment with human white 
matter were 64, 97 and 139 pi. COs/g./hr. for BOi, 
MCh and BCh -f MCh respectively, i.e. 87 /o 
‘smnmation’ was obtained. 

As the white matter in all the species studie 
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always showed considerable true cholinesterase 
activity, a preparation from human subcortical 
white matter was partially purified by centrifuga- 
tion of a water homogenate, the greater part of the 
true cholinesterase being discarded in the centri- 
fuged supernatant (Ord & Thompson, 1951). 
Table 6 gives a comparison of the relative rates of 

Table 6. Comparison of the relative rates of hydrolysis 
of differe^U esters hy human white matter (cerebrum) 
and by purified human plasma pseudo -cholin- 


esterase 



Human white matter 




— ■ > 

Partially 

Human 

Substrate 

Unpurified 

purified 

plasma* 

Acetylcholine 

100 

100 

100 

Benzoylcholine 

33 

31 

36 

Propionyloholine 

157 

160 

— 

Butyrylcholine 

216 

202 

208 

Acetyl- p-methylcholine 

30 

12 

1 

Tributyrin 

293 

— 

45 


ACTIVITY IN THE C.N.S. 

suggests that this enzyme in human subcortical 
white matter may bo of the butyro-cholincstoraso 
type (Sturgo & IMiittaker, 1950), very similar m 
those of its properties which have been examined to 
the pseudo-cholinesterase in plosma. In the white 
matter of rat brain the ^ICli/BuCh ratio was signifi- 
cantly higher than that obtained for the other 
species studied (Table 6). Since we had earlier (Ord 
& Thompson, 1951) found that the purified pseudo- 
cholinesterase in rat heart is a ‘propiono-cholin- 
esterase’, hydrolysing PrCh almost twice as rapidly 
as BuCh, wo tested a rat-brain preparation (white 
matter) with PrCh; we found that the PrCh/BuCh 
ratio w’as 3‘2, indicating that the predominant 
cholinesterase in this rat tissue may also be of the 
propiono-cholinesternse type rather than the 
butyro-cholinesterose type present in the other 
species. 

Quantitative aspects of the distribution of 
cholinesterases in human brain 


♦ Data of Adams & Whittaker (1949). 

hydrolysis of a number of different esters by the un- 
purified and partially purified preparations from 
white matter with those found by Adams & Whit- 
taker (1949) for the purified cholinesterase of human 
plasma. 

The relative rates of hydrolysis of ACh, BCh and 
BuCh agree well with those found for the purified 
plasma enzyme, although the unpurified brain pre- 
paration naturally hydrolyses MCh and TB very 
much more rapidly. The similarity between the 
BCh-hydrolysing enzyme in white matter and the 
plasma pseudo-cholinesterase is further borne out 
when the concentrations of DFP required to inhibit 
the enzyme in these two sources are compared 
(Table 7). This table also shows that the sensitivity 

Table 7. Concentrations (I^f) of DFP required to 
produce 50% inhibition of the cholinesterases of 
human white matter, plasma and erythrocytes 


Enzyme source 

Substrate 

/so ( X 10-' 

Human white matter 

BCh 

2-0 

Human white matter 

BuCh 

1-4 

Human plasma* 

BCh 

2-6 

Human white matter 

MCh 

126 

Human erythrocytes* 

MCh 

130 


* Data of Adams & Thompson (1948). 


of the MCh-hydrolysmg enzyme to inliibition by 
DFP closely resembles that of the true cholinester- 
ase in human erythrocytes, and provides further 
evidence for the presence of these two types of 
cholinesterase in white matter. 

OTio finding that, of the five choline esters studied 
(Table 6) , butjuylcholine is hydrolysed most rapidly 


Since the different regions of the brain wdiich we 
have studied all show activity towards both BCh 
and MCh, any quantitative consideration of the 
relative amounts of pseudo-cholinesterase in the 
different areas is complicated by the fact that the 
level of the true cholinesterase varies so very widely 
in different regions. It is for this reason that de- 
tailed consideration has so far been restricted to the 
grey and white matter of the cerebrum, in each of 
which areas the overall activity towards ACh is of 
the same order. It will have been noticed, however 
(Table 1), that the levels of hydrolysis of BCh and 
BuCh are very high indeed in the basal ganglia, 
cerebellum and thalamus. Moreover, in these 
regions the activity tow’ards these substrates tends 
to parallel that towards MCh. Preparations from 
the caudate nucleus of the rabbit and the rat were 
also studied, and in these species also a high level of 
true cholinesterase was found to be associated with 
a high rate of BuCh hydrolysis. 

These facts suggested that the very large amount 
of true cholinesterase in these areas might be con- 
tributing to the hydrolysis of BCh and BuCh. 
Adams (1949) has reported that the purified true 
cholinesterase from human erythrocytes hydrolyses 
BuCh and BCh at 6 and 1'5% respectively of the 
rate at which it hydrolyses MCh. If this also applies 
to the true cholinesterase in brain it would indicate 
that a considerable contribution to the high rate of 
hydrolysis of BuCh by these areas would be due to 
the splitting of this substrate by the very high con- 
centration of true cholinesterase present. 

Experiments were therefore carried out with the 
selective inhibitors DFP and Nu 1250 to compare the 
sensitivity of Bu^ hydrolysis to these compounds 
m a region poor in true cholinesterase (subcortical 
white matter) with regions very rich in this enzyme 
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(lentiform and caudate nuclei and cerebellum). The 
results of these experiments are given in Table 8. 

It ■will be seen that the hydrolysis of BuCh by 
subcortical -white matter is inhibited 96 and 8% 
respectively by these concentrations of DFP and 
Nu 1250, indicating that in this region the hydrolysis 
is almost entirely brought about by an esterase 
sensitive to DFP but insensitive to Nu 1250, i.e. 
a pseudo-cholinesterase. In the areas very rich in 
true cholinesterase, however, BuCli hydrolysis is 
only partially inhibited (36-51 %) by either of these 

Table 8. Inhibition of human-brain cholinesterases 
by DFP and Nu 1250 

Inhibition (%) produced 




Tissue 

Substrate 

0-9 X 10“®M 
DFP 

1-67 X 10-®: 
Nu 1250 

Subcortical white 

MCh 

3 

100 

matter 

BuCh 

96 

8 

Lentiform nucleus 

MCh 

18 

97 


BuCh 

36 

50 

Caudate nucleus 

MCh 

10 

98 


BuCh 

51 

45 

Cerebellum 

MCh 

9 




BuCh 

49 

— 


two compounds. Since the concentrations of the 
two inhibitors which we have used are sufficient to 
cause almost complete inliibition of the pseudo- and 
true cholinesterases respectively, these results 
suggest that in these regions BuCh hydrolysis is 
being brought about to a significant degree by both 
enzymes, so that a measure of its rate of hydrolysis 
by these parts does not give a vahd assessment of the 
amoimt of pseudo -cholinesterase present. 

DISCUSSION 

The results described above indicate that all the 
areas of human brain which have been studied 
contain, in addition to their true cholinesterase, an 
enzyme that hydrolyses both BCh and BuCh but 
not MCh. From its substrate specificity and from 
studies of sensitivity to inhibition by eserine and 
DFP it is clear that this enzyme is distinct from the 
tributyrinase which is present in these preparations, 
and is similar to, if not identical -with, the pseudo- 
cholinesterase present in hiiman plasma. 

The distribution of this enzyme in the different 
areas of the brain raises some interesting points. The 
absolute level of BuCh hydrolysis is high in the lenti- 
form and caudate nucleus, the cerebellum and the 
thalamus ; but, as pointed out above, it would seem 
that a considerable part of this activity is due to 
hydrolysis of BuCh by the relatively enormous 
concentration of true cholinesterase present in these 
parts. However, a comparison of the grey and white 


matter of the human cerebrum, areas having ACli- 
hydrolysing activities of the same order, shows that 
the subcortical white matter has very much greater 
pseudo -cholinesterase activity than the grey; the 
extremely low level of true cholinesterase activity in 
this region indicates that it is not playing any 
significant part in the BuCh hydrolysis. In each of 
the other species studied, the level of pseudo- 
cholinesterase is also considerably greater than that 
of the true cholinesterase in the white matter, and in 
every species except the dog it is also present in 
much larger amounts in the subcortical -white 
matter than in the cortical grey. The high level of 
this enzyme in the white matter of the cerebrum 
suggests that it may be associated particularly -with 
the myelinated fibres of the nervous system, and 
experiments are now in progress -with spinal cord 
and -Ruth myelinated peripheral nerves to determine 
whether this association holds also for the myelin- 
containing regions of these tissues. It is of interest 
that Burgen & Chipman { 1 95 1 ) , in their recent study 
of dog brain, have concluded that in this species also 
the fibre tracts in general have a high BCh-hydro- 
lysLng activity. 

These findings naturally raise the question of the 
function of this pseudo-cholinesterase, particularly 
in the white, myelinated areas of the central nervous 
system. One possibility is that it may be connected 
with processes occurring in the myelin sheaths or the 
neuroglial elements of the nervous system rather 
than directly -with the conducting properties of the 
axis cylinders. Support is given to this suggestion 
by the findings of Sawyer (1946), who reported that 
Wallerian degeneration of guinea pig peripheral 
nerves, with complete disintegration of the axis 
cylinders, is not associated -with any loss of pseudo- 
cholinesterase acti-vity in the affected nerves, even 
though the true cholinesterase falls by about 60 %■ 
In this connexion it may be of interest to record 
some preliminary observations which we have made 
with tri-o-cresyl phosphate (Earl & Thompson, 
1952). This substance was sho-wn by Smith & Lillie 
(1931) to produce areas of demyelination both in the 
spinal cord and in peripheral nerves. Bloch in 1941 
had demonstrated in vitro its anti-cholinesterase 
properties. Despite this latter finding, injection of 
the compound into animals does not, in most of the 
species studied, give rise to any signs of acetyl- 
choline accumulation. Tri-o-cresyl phosphate is, 
however, only very slightly soluble in water, 
although it is freely lipoid-soluble, and together wit 
Dr C. J. Earl we have sho-wn that it is a high y 

selective inhibitor for the pseudo -cholinesterase m 
human brain and plasma ; in vitro we have found tha 
concentrations of 1-4 x IQ-^m cause 60-90 % inhibi- 
tion of the pseudo-cholinesterase in human cere- 
brum, but only 0-7 % inhibition of the true cholin- 
esterase in this site or in human erythrocytes. 
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must be stressed that these latter findings are of a 
preliminary nature and are as yet unsupported by 
any in vivo work, so that although we have evidence 
of an association of pseudo-cholinesterase activity 
with the white fibre tracts of the central nervous 
system we are at present unable to reach any con- 
clusions as to its physiological function in these 
areas. 

SmCMARY 

1. The relative rates of hydrolysis of a number of 
different choline esters by preparations from differ- 
ent areas of human and other mammalian brains 
have been determined. 

2. In all the areas studied, a measurable degree of 


hydi'olj'sis of benzoylcholine and butyrylcholino 
was observed. 

3. The benzoylcholino-hydrolysing enzjnme pre- 
sent in human nervous tissue appears to bo a 
‘butyro -cholinesterase’ closely resembling the 
pseudo-cholinesterase present in human plasma. 

4. The white fibre tracts of the human cerebrum 
were found to contain significantly more of this 
pseudo-cholinesterase than the grey matter. 

Our thanks are duo to tbo Chief Superintendent, Experi- 
mental Station, Porton, for providing us with DPP, to 
Dr V. P. MTittaker for a sample of propionyloholine per- 
chlorate, and to Mr L. C. Beancy and Jlr D. H. Burchett for 
technical assistance. We also wish to thank the Medical 
Research Council for a grant to one of us (M.G.O.). 
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The Metabolism of Short-Chain Fatty Acids in the Sheep 

1 . FATTY ACID UTILIZATION AND KETONE BODY PRODUCTION 
BY RUMEN EPITHELIUM AND OTHER TISSUES 


By R. j. PENNINGTON 
BoweCe Research Institute, Buchsbum, Aberdeenshire. 


(Received 5 November 1951) 


Large quantities of volatile fatty acids, chiefly 
acetic, propionic and butyric acids, are produced by 
the bacterial decomposition of the foodstuffs in the 
timen of the sheep and other ruminants and are 
^sorbed directly from this organ (see review by 
Elsden & PhiUipson, 1948). The problem of assessing 
t o relative amount of each acid produced is not 
altogether straightforward, owing to differing rates 
of absorption. Application of chromatography has 
led to the identification of smaller quantities of 


higher isomers and of formic acid (Gray, Pilgrim 
Rodda & WeUer, 1951). Subsidiary quantities 0 
volatile fatty acids are also produced in ant 
absorbed from the large intestine. 

Although the production of volatile fatty acids ii 
‘nonfilled to ruminants (PhilUpson 
• u • 1 1 Present a special problem since i 

la highly probable that these compounds, previous! 
oMidered as by-products of digestion, form thei 

chiefsourceofenergy.Theamountofsugaravailabl 
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the other columns have been corrected by the 
addition, of the figures in column 4. In .this and in 
subsequent tables the amoimts of fatty acid utilized 
are calculated to 100 mg. of tissue (dry weight) in 
order to eliminate the effect of any variations in the 

Table 4. Influence of pH of medium upon uptake of 
volatile fatty acids by rumen epithelium 

(Tissue (2 g.) incubated for 3 lir. at 39-5° in Ringer- 
phosphate containing 100 pmoles of fatty acid as Na salt.) 

Fatty acid lost Volatile acid 

(pmoles) production 

I ^ ^ ^ in control 


pH 

■ Acetic 

Propionic 

Butyric 

(pmoles) 

7-2 

4-9 

8-6 

301 

1-1 

6-5 

5-6 

2-1 

16-1 

1-0 

5*8 

3-9 

0-5 

10-3 

0-5 


wet weight/dry weight ratio. Such variations never 
exceeded 10 % of the ratio in any one experiment. 
The loss of dry weight during incubation of the tissue 
amounted to less than 10 %, so that the figures are 
slightly higher than if based on initial dry weight. 

It is clear that in every experiment the disappear- 
ance of butyrate exceeded that of the other two. 
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The activity of the tissue appeared to be well 
maintained during the 3 hr. incubation, since when 
incubated for only 1 or 2 hr. the amount of acid 
disappearing was correspondingly less. A longer 
incubation period was not used owing to the risk of 
bacterial growth in the flasks. 

Some experiments were carried out in which the 
conditions of incubation were altered. Wlien the 
concentration of fatty acids was increased eightfold 
the amoimts disappearing were increased 3-5 times. 
Table 4 shows the effect on the disappearance rates 
of lowering the pH of the medium by the addition of 
hydrochloric acid. (The additional chloride thus 
introduced was very small compared to that already 
present in the medium and would not, in itself, be 
expected to influence the results.) 

The effect of using bicarbonate buffer of approxi- 
mately the same pH (Krebs-Ringer-bicarbonate, 
Umbreit et al. 1945) instead of phosphate buffer, in 
an otherwise identical medium, was also determined. 
Ciaranfi (1936) fovmd a more rapid utilization of 
butyric acid by liver slices in a phosphate-buffered 
than in a bicarbonate-buffered medium. The results 
of three experiments with different sheep are shown 
in Table 5. 


Table 5. Influence of buffer and of carbon dioxide upon uptake of volatile fatty acids by rumen epithelium 


(Tissue (2 g.) incubated for 3 hr. at 39'5° in Ringer-phosphate or Ringer-bicarbonate containing 100/tmoles of fatty acid 


as Na salt.) 


Fatty acid lost (pmoles) 


Sheep 

no. 

Buffer 

Gas phase 

f 

Acetic 

Propionic 



Butyric 

1 

Phosphate 

O 2 

5*6 

7-8 

25-3 ■ 


Bicarbonate 

Oj-t5% COj 

6-0 

13-7 

24-6 

2 

Phosphate 

0, 

0’6 

10-4 

28-9 


Bicarbonate 

0,-t-5% COj 

3-6 

20-3 

29*9 


Phosphate 

Oj,-)-5%COj 

6-0 

18-8 

31-4 

3 

Phosphate 

0^ 

4.4 

1-2 

27-3 


Phosphate 

02-f5%COj 

60 

6-0 

27-1 


Although the mean of the propionate figures is 
greater than that of the acetate, this is of little 
importance owing to the very great variation among 
the propionate resiilts. (It is of interest that the 
variance of the latter is 26-98, compared to 2-24 for 
acetate; a variance ratio of 12 indicates a highly 
significant difference (P = 0-002) between the two 
variances.) 

In one of the experiments the rates of distillation 
of the imused acids were recorded by collecting the 
distillates in 10 ml. fractions and titrating each 
fraction. In each ease the observed rate corre- 
sponded exactly with that of an equivalent quantity 
of the original fatty acid, thus providing a check that 
the estimated volatile acid in the experiments 
represented entirely the tmused portion of the 
original 100 pmoles and not a different volatile acid 
produced from it by the tissue. 


In the first experiment the substitution of bi- 
carbonate for phosphate had a striking effect upon 
the utilization of propionate, the disappearance rate 
of which was nearly doubled. This effect was con- 
firmed in the second experiment, where, in addition, 
the disappearance rates were determined using 
phosphate buffer but gassing the flaste -mdi 
oxygen -f 5% of carbon dioxide, as used with tie 
bicarbonate buffer. The elevation in the rate o 
disappearance of propionate was mamtained. 
the case of the other two fatty acids there were n 
such marked differences resulting from the presence 
of carbon dioxide. The relatively small effect upon 
acetate utilization resulting from the presence 0 
carbon dioxide may not be significant. Tlus wi 
investigated further. 

Tlie important question of the fate of the 
acids metabolized by the rumen epithelium w 
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partly answered by testing the media, after incuba- 
tion, for ketone bodies. Application of Rothera’s 
test invariably gave a strong response following the 
disappearance of butyrate. A positive response was 
obtained also on the acetate media but none in the 
case of propionate, although the controls incubated 
without fatty acid alwaj^s gave a little colour. In 
two subsequent experiments determinations of 
ketone bodies were carried out (Table 6 : results with 
two sheep). 

Table 6. Production of ketone bodies from volatile 
fatty acids by rumen epithelium 

• (Tissue (2 g.) incubated for 3 Iw. at 39-5° in Ringer- 
phosphate containing 100 jinioles of fatty acid as Na salt. 
The figures in parentheses are the percentages of the 
maximum possible production of ketone bodies from the 
fatty acid utilized.) 

Ketone bodies produced (pmoles) 
in presence of 

^ , 

Acetic Propionic Butyric Control 

1-8(76) -2-7 22-7 (77) 4-4 

0 4 (19) -2-7 18-9(65) 3-3 

The figures (calculated as usual to 100 mg. dry- 
weight) are corrected for the ketone production in the 
controls. The amount of fatty acid utilized was also 
determined (nos. 9 and 10 in Table 3) and the pro- 
portion of this appearing as ketone bodies calculated 
(assuming that one molecule of ketone is derived 
from two molecules of acetic acid or one molecule of 


butjwic acid). It can be seen that more than one-half 
of the butywic acid disappearing could be accounted 
for as ketone bodies. Of the total ketone body pro- 
duction less than one-quarter was present as ^- 
hj'droxybutjTic acid. In the case of acetate the 
relativelj’- small difference from the controls makes 
the validity of the calculated percentages doubtful, 
since it is impossible to say -whether the endogenous 
reactions producing ketone bodies in the controls 
would continue at the same rate in the presence of 
added substrate. If not, the corrections are not 
justified and the figures should consequently be 
higher. The appearance of ketone bodies in the 
propionate meditun -was in each case less than that in 
the control medium. 

In another experiment the initial concentration of 
butyrate was halved (SO/unoles/flask). The pro- 
portion of that lost appearing as ketone bodies was 
65 % as compared to 70 % in a parallel run employ- 
ing the usual concentration of butju-ate. In the 
experiment employing eightfold concentrations of 
the fatty acids, mentioned above, 69 % of the 
metabolized butyric acid -was converted to ketone 
bodies; 

In further experiments the ability of other tissues 
of the sheep to utilize the same fatty acids imder 
identical conditions was determined; the ketone 
body production was measured in each case, Tlie 
results are summarized in Table 7. Both fatty acid 
disappearance and ketone production are corrected 
by the control figures, as in pre-vious tables. 


Table 7. Volatile fatty acid- uptake and ketone body production by various sheep tissues 


(Tissue (2 g.) incubated for 3 hr. at 39-5° in Ringer-phosphate containing lOO/xmoles of fatty acid as Na salt. Results 

The figures in parentheses are the percentages of the maximum possible production of ketone bodies fi-om 
uie latty acid utilized.) 


Tissue 

Reticulum 

epithelium 

Omasum 

epithelium 

Abomasum 

epithelium 

Caecum 

epithelium 

I.ivcr 

Kidney cortc.x 


Heart muscle 


Brain 


Acetic Propionic 


Fatty 

Ketone 

Fatty 

Ketone 

acid 

bodies 

acid 

bodies 

used 

produced 

used 

produced 

5-3 

• 1-5(56) 

3-9 

-0-3 

2-5 

0-2 (16) 

1-5 

-0-2 

4-6 

1-9 (83) 

1-4 

-0-8 

1-6 

0-3 (38) 

0-7 

-0-2 

18-8 

-0-4 

14-2 

-0-4 

20-2 

2-2 (22) 

13-7 

0-5 (8) 

12-6 

0-4 (6) 

10-0 

0-2 (4) 

10-8 

-0-9 

6-7 

-0-9 

130 

0-3 (5) 

8-8 

0-0 

6-9 

0-9 (26) 

5-9 

0-6 (20) 

15-8 

1-6 (20) 

22-3 

-3-8 

42-6 

00 

43-8 

0-0 

54-5* 

0-6 (2) 

60-9 

0-0 

00 

— 

0-0 


4-2 

0-1 (2) 

0-4 

0-0 

00 

0-0 



0-0 

0-0 



* Only 1 g. of tissue used. 



Butyric 

A 

Control 

Fatty 

Ketone 

Volatile 

Ketone 

acid 

bodies 

acid 

bodies 

used 

produced 

produced produced 

23-8 

17-5 (73) 

1-3 

0-6 

10-8 

5-3 (49) 

0-3 

0-5 

30-0 

24-2 (81) 

0-0 

1-7 

8-6 

4-0 (47) 

0-8 

1-0 

18-2 

3-3 (18) 

0-2 

0-9 

16-9 

5-3 (31) 

0-0 

0-4 

9-4 

M (12) 

1-0 

0-3 

10-0 

1-0 (10) 

1-2 

1-8 

11-6 

0-3 (3) 

0-7 - 

1-2 

200 

14-8 (74) 

0-6 

0-0 

23-9 

16-6 (69) 

0-9 

1-9 

38-5 

3-8 (10) 

0-0 

1-3 

41-2 

8-6 (21) 

0-0 

- 0-4 

1-4 

0-1 (7) 

0-4 • 

0-2 

1-1 

0-2 (18) 

0-6 

0-0 

0-0 

0-0 

— 

1-2 


— 

2-1 
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The figures in each line in the table were obtained 
on tissue from a different sheep. The epithelial 
tissues were prepared in the same way as the rumen 
epithelium; although this was rather difficult in the 
case of epithelimn from the abomasum and caecum 
owing to their greater fragility, satisfactory results 
were obtained after a little practice. The other 
tissues were sliced in the standard manner. As a 
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ketone bodies. On the other hand, kidney cortex, 
and epithelium from the abomasum (the tnie 
stomach of the sheep) and from the caecum, 
utilized acetate at least as rapidly as butyrate and, 
moreover, produced a relatively smaller amount of 
ketone bodies. The results with heart-muscle slices 
were low and less consistent. Slices of whole brain 
did not utilize any of the three fatty acids. 


Table 8. Volatile fatty acid uptake and ketone body production by rat tissues 

(Liver tissue (2 g.) or 1 g. of kidney tissue incubated for 3 hr. at 39-5° in Ringer-phosphate containing lOOpmoles of 
fatty acid as Na salt. Results given as ^moles. The figures in parentheses are the percentages of the maximum possible 
production of ketone bodies from the fatty acid utilized. 


Liver 

Kidney 


Acetic Propionic Butyric Control 


Fatty 

Ketone 

Fatty 

Ketone 

Fatty 

Ketone 

< 

Volatile 

Ketone 

acid 

bodies 

acid 

bodies 

acid 

bodies 

acid 

bodies 

used 

produced 

used 

produced 

used 

produced 

produced 

produced 

27-0 

3-1 (23) 

23-1 

-2-1 

31-5 

19-6 (62) 

0-7 

7-7 

92-5 

1-2 (3) 

56-8 

0-9 (3) 

58-0 

6-0 (10) 

0-9 

0-0 


Table 9. Changes in blood volatile fatty acids and ketone bodies resulting from the 
administration of fatty acids into the rumen 


(Results expressed as p.moles/100 ml.) 


Liquid in rumen 
Exp. 1 
Water 

Sodium butyrate, O-ISji 
W ater 

Sodium propionate, 0-15 m 
W ater 

Sodium acetate, 0-15 m 
iVater 

Sodium butyrate, 0-15 m 

Exp. 2 
Water 

Sodium butyrate, 0-15 m 
W ater 

Sodium propionate, 0-15 m 
W ater 

Sodium acetate, 0'16 m 
W ater 

Sodium butyrate, O-ISm 


* Blood samples taken after 5 min. 


Rumen blood Carotid blood 


f 

\ 

/ 


Ketone bodies 

Fatty acid 

Ketone bodies 

Fatty i 

48 

77 

58 

27 

222 

118 

199 

73 

83 

46 

86 

41 

83 

369 

86 

100 

60 

46 

58 

50 

78 

611 

76 

114 

19 

68 

48 

45 

219 

123 

191 

64 

47 

50 

47 

50 

310 

375 

266 

146 

110 

32 

95 

27 

43 

565 

43 

100 

24 

27 

43 

27 

100 

1088 

47 

142 

33 

32 

47 

36 

195* 

320* 

134* 

96* 

334 

246 

248 

50 


All other samples taken 30 min. after administration. 


check, in each case, rumen epithelium from the same 
sheep was incubated with butyrate ; in every case the 
amoimt of butyrate utilized fell within the range of 
values for butyrate seen in Table 3 and the pro- 
portion converted to ketone bodies ranged from 
59 to 74%. Inspection of Table 7 shows that 
epithelium from the reticulum and omasum and also 
liver tissue behaved in a sunilar manner to rrnnen 
epithelium in that they utilized butyrate most 
readily and converted a large proportion of it into 


For comparison exactly similar experiments were 
made with liver and Iddney tissue from adult male 
rats. The results (Table 8), which concord with those 
reported by other workers, show no importan 
differences from those obtained with the corre- 
sponding tissues of the sheep (Table 7). 1 V>v 

The production of ketone bodies on such a sea e y 
the epithelia of sheep fore -stomachs was rather un 
expected, and it was considered desirable to ry 
confirm this by an in vivo experiment. For 1 
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purpose a ewe with a permanent rumen fistula was 
anaesthetized by intravenous injection of Nembutal 
and operated upon in the manner described by 
Masson & Phillipson (1951) (the oesophagus and 
reticulo-omasal orifice were closed by ligatures and 
.the carotid artery and posterior rumen vein exposed 
for withdrawal of blood samples). The rumen was 
emptied and washed clean with warm water. Blood 
samples were withdrawn for ketone body and volatile 
acid determination. Portions (3 1.) of each of the 
liquids indicated in Table 9, warmed to about 40 , 
were placed in the rumen in the order given in the 
table. Each was allowed to remain for half an hour, 
blood samples were then taken and the rumen 
washed out with warm water before the next in- 
sertion. Table 9 records the changes in ketone body 
and volatile acid levels of the blood in the rumen 
vein and carotid artery. The experiment was re- 
peated on another sheep ; in this case blood samples 
were taken at 5 min., as well as at 30 min., after the 
final addition of butyrate. 

It may be seen that in each experiment the 
presence of butyrate in the rumen led to several-fold ' 
increases in the level of ketones in the blood. In 
every case the increase was greater in the blood 
draining the rumen than in the arterial blood, as 
would be expected if ketone bodies were produced in 
the rumen wall. A smaller rise of blood ketone 
bodies occurred with acetate in the rumen, whilst 
propionate produced no increase in the first experi- 
ment and a pronounced decrease in the second. In 
the first experiment each of the four solutions, after 
withdrawal from the rumen, was also analysed 
for ketone bodies. A total of 44-5 and 22-2 mg. 
respectively (as jS-hydroxybutyric acid) was found 
in the butyrate solutions and 9-0 mg. in the pro- 
pionate solution. No ketone bodies appeared in any 
of the other solutions. 

DISCUSSION 

The marked ability of the epithelia of sheep 
stomachs to metabolize the lower fatty acids, shown 
in these experiments, substantiates the conclusions 
drawn from previous work that an appreciable 
portion of the butyric acid absorbed is removed 
before it can enter the circulation. The results also 
show that this may apply, though to a lesser extent, 
to propionic and acetic acids. Although too much 
reliance cannot be placed on the quantitative 
significance of such in vitro studies, it is perhaps of 
interest to compute that the mean value for butyrate 
loss in Table 3 would represent a utilization rate of 
about 0-3-0-6 g. of butjuic acid/lu. by the epi- 
theliiun of the whole nunen, and correspondingly 
inore than this when the reticulum and omasum are 
also taken into account. The concentration of buty- 
rate used in these experiments is of the order of that 
Biochem. 1952, 51 


normally found in rumen liquor. These epithelia are 
not glandular and hence would not require the 
energy of oxidation of the fatty acids for secretory 
purposes. It is possible, however, that such energy 

maybe utilizedinconnexibn with ‘ active absorption 

of substances from the nunen. 

The fact that such a large proportion of the butyric 
acid was converted to ketone bodies by these tissues 
is also of considerable interest. Ketone body 
production on an important scale is generally 
acknowledged to be confined to the liver in the 
common laboratory- animals. In the experiments 
reported in this paper, the epithelia of the fore- 
stomachs of the sheep were about as active, weight 
for weight, as liver tissue in the production of ketone 
bodies. The total wet weight of these epithelia was 
determined in one animal and found to be over half 
the weight of the liver, hence these tissues must be 
considered as important sources of ketone bodies in 
the sheep. It is possible that such a supplementary 
production of ketone bodies, which are known to be 
utilized by other tissues (Breusch, 1948), assists the 
animal in dealing with the large fatty acid intake 
from these organs. However, it remains to be seen 
whether such speculations are valid under normal 
conditions where mixtures of fatty acids are ab- 
sorbed from the rumen. 

On comparing the activities of all the tissues 
studied it is of interest to note that only the tissues 
which converted a large proportion of the butyrate 
into ketone bodies showed a marked preference for 
this fatty acid over the other two. The inability of 
the sheep -brain tissue to metabolize fatty acids is in 
accordance with the failure of other workers to 
observe the oxidation of acetate by brain tissue of 
other animals and of Quastel & Wheatley (1933) to 
observe the oxidation of butyrate. It appears that 
brain tissue may be unique in this respect. 

The suggestion of McClymont (1951) that en- 
zymes for metabolizing propionic acid in the sheep 
are concentrated in the liver is not borne out here. 
McClymont quotes, in support, the observation of 
Graffiin (1948) that a cyclophorase preparation from 
rabbit kidney was incapable of oxidizing propionic 
acid although acetic acid was readily oxidized; both 
acids were readily oxidized by the liver preparation. 
In the present experiments propionate was removed 
most rapidly by kidney and was utilized by all the 
tissues with the exception of brain and possibly of 
cardiac muscle. The fate of the propionate is an 
important question which is being further studied. 
^ mentioned previously, it seems highly probable, 
from present knowledge of ruminant digestion, that 
propionate may be the main source of carbohydrate 
OT these animals. It has been demonstrated 
t Phillipson, quoted by Phillipson,' 
19476) that the administration of propionate to the 
phlorrluzmized sheep leads to the excretion of an 
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equivalent amount of glucose in the urine. It will be 
of interest to see whether the direct conversion of 
propionate to carbohydrate by sheep tissues can be 
demonstrated in vitro and, if so, whether this 
process is confined to the liver. The observation that 
the presence of carbon dioxide enhances the 
utilization of propionate points to a possible fixation 
of carbon dioxide in the metabolism of the latter. 
Carboxylation to succinate followed by carbo- 
hydrate ssmthesis would seem an obviotas possibility, 
although there is no good evidence that propionate 
can be converted directly to succinate in living 
tissues. 

An important difference between the experi- 
mental conditions here used and the conditions in 
situ is that in the latter case the tissues usually have 
available a mixture of the fatty acids. One possi- 
bility then is that propionate could be oxidized 
simultaneously with the other fatty acids and help to 
promote complete oxidation of the latter instead of 
ketone body formation. Quastel & Wheatley (1933) 
found that propionate inliibited ketone body forma- 
tion from butyrate by liver slices, although their 
results could be explained simply by selective 
utilization of propionate. Jarrett & Potter (1950).in 
the paper already mentioned suggest that pro- 
pionate, fay conversion to pyruvate, may facilitate 
the metabolism of acetate. The modem concept of 
antiketogenesis, namely, the provision of pyruvate, 
which, by carboxylation to oxaloacetate increases 
the operation of the Krebs cycle can only be applied 
to tissues with ^-carboxylase activity (Baldwin, 
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1949). It will be of interest to see whether anti- 
ketogenesis can be demonstrated in the rumen 
epithelium. 

SUMHIABY 

1. The ability of rumen epithelial tissue of the 
sheep to metabolize butyric acid and, to a lesser 
extent, acetic and propionic acids, under aerobic 
conditions has been demonstrated; these com- 
pounds are amongst the chief products of fermenta- 
tion in the rumen. 

2. A large proportion of the butyric acid was 
converted to ketone bodies, mainly acetoacetic acid, 
by this tissue. Ketone bodies were formed also from 
acetic acid, but not from propionic acid. 

3. The utilization of propionic acid was more 
rapid under an atmosphere containing 5 % of carbon 
dioxide than under an atmosphere of oxygen, 

4. The utilization of the volatile fatty acids by 
other sheep tissues has also been studied. Ketone 
bodies were produced from butyric acid by the 
epithelium of the reticulum and of the omasum as 
well as by liver tissue ; all these tissues metabolized 
butyric acid more rapidly than acetic or propionic 
acids. The epithelia of the abomasum and caecum, 
and kidney tissue, did not show this preference for 
butyrate and also produced relatively less ketone 
bodies. 

The author wishes to thank Dr A. T. Phillipson for 
valuable discussion and advice and for performing the 
operations, Dr J. M. Naftalin for histological examination of 
the rumen epithelium preparations and Ulr R. Green for 
competent technical assistance. 
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Penicilliutn griseof ulvum Dierckx 
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Both fungal and bacterial processes occur in the 
formation of soil organic matter (Waksman, 1938), 
which is itself composed, at least in part, of living 
micro-organisms and those parts of their remains 
which are resistant to chemical and enzymic de- 
composition. A knowledge of the composition of 
micro-organisms should, therefore, help to shed 
some light on the constitution of soil organic 
matter. Whilst much work has been done on the 
isolation and characterization of low molecular 
weight constituents of fungi, there are no analyses of 
mycelium in which the various macromolecular 
compounds are well defined. 

A variety of carbohydrate preparations have been 
isolated from fungal tissue (Norman, Peterson & 
Houtz, 1932), and it has long been recognized that 
the cell wall of many fungal species is chitinous 
(Norman & Peterson, 1932; Brian, 1949). Protein 
concentrates have been extracted by Gorgica, 
Peterson & Steenback (1934) and Bohonos, Woolley 
& Peterson (1942). Takata (1929), and Akasi (1939) 
isolated nucleic acid preparations. Claims have been 
made for the isolation of ‘crude lignin’ or ‘lignin- 
like complexes’ by Thom & Phillips (1932), Phillips 
(1938) and Pinck & Allison (1944). Porges (1932) 
and Schulz (1937) studied the effect of cultural 
conditions on mycelial composition but, for the most 
part, their fractions are quite arbitrary and some- 
times misleading. The literature is summarized and 
discussed by Foster (1949). 

In this paper various analytical methods have 
been studied from the point of view of their useful- 
ness in the determination of the chemical com- 
ponents, particularly the macromolecular ones, of 
a sample of mycelium of Pcnicilliuni griseofulvum 
Dicrcluc, grown as a surface pad. This is not a normal 
or Important components of the soil flora, but was 
chosen for this work, which will be used as a model 
for future investigations on the predominant com- 
ponent of the soil, because it was readily available. 

No precautions were taken to separate spores, or 
to avoid autolj'sis, and values given are by no means 
claimed to be tjq)ical of mould mycelium. 

MATERIALS AND GENERAL METHODS 

CuUiirc of mycelium. I am indebted to Jlr P. J. Curtis of 
the Huttcrwick Research Laboratories of Imperial Chemical 


Industries for the following information. Culture: P. 
griseofulvum Dierckx (BRL 374) (ex Prof. H. Eaistriok 
no. P 38). Medium: Czapek-Dox (Raiatrick), containing 
7-5% crude glucose and 0-1% peptone. The mould was 
grown in earthenware culture vessels of the type described 
by Abraham, Chain, Fletcher, Gardner, Heatley, Jennings 
& Florey (1941) using 1 1. medium in each and an incuba- 
tion period of 14 days. 

Preparation of mycelium. The mycelium, received a few 
hours after harvesting, was spread thinly on sheets of paper, 
and by the foUmving day most of the moisture had evapor- 
ated, but although allowed to dry at room temperature for 
over a month, it never became sufficiently crisp to powder 
satisfactorily in a small C. and N. (Christy & Norris, 
Chelmsford) laboratory mill (0-6 mm. sieve). However, 
there was no difficulty with mycelium that was dried thus 
for only 3 or 4 days, if placed in the hot room at 40° for 
several hours before milling. 

A portion of the powdered my celium (M) was exhaustively 
extracted in a Soxhiet apparatus with light petroleum 
(b.p. 40-60°), ether, ethanol, acetone and chloroform, in that 
order.and again dried in air (Ms). Subsequentlyit was found 
that acetone, ethanol and chloroform alone were as effective 
and light petroleum or ether extracted no more material. 

A portion of Ms was extracted twice with cold water 
(10 vol. for 30 min. with stirring) and then three times with 
the beaker standing in a boiling-water bath. The residual 
mycelium was exhaustively extracted with ethanol and air- 
dried (Msvj). 

Dry matter. Weighed samples were dried at 100-105° 
overnight and reweighed. 

Total nitrogen. This was determined by a mioro-Kjeldahl 
method using Se02:CuS04.6Hj0:KjS04:l:: 1:8 as catalyst. 

NH3 nitrogen. This was estimated by microdiffusion in a 
Conway dish followed by nesslerization (Conway, 1947). 

a-Amino-acid N was determined by the ninhydrin-titra- 
tion method of Van Slyke, Dillon, MaoFadyen & Hamilton 
(1941) at pH 2-6 and a reaction time of 8 min. 

Total P. This was estimated by a modification of the 
method of Kuttner & Lichtenstein (1932). 

OarboJiydraie. This was determined by the colour given on 
heating with orcinol in H2SO4 using a glucose standard 
(Pirie, 1936). The intensity of colour was measured avith 
a photoelectric colorimeter (the Evans Electroselenium 
Portable model, using Ilford filter 622) and the sugar conen. 
was 15-1 00 pg. in a final volume of 10 ml. Equal weights of 
Mxoses give values of 100%, of polyhexoses, 110% (of. 
Holden, Pirie & Tracey, 1950). No interference by protein 
(gelata), glucosamine hydrochloride, or mannitol was de- 
tectable when 50 ^g. of these substances were added to 
oU/xg. of glucose. 

Seducing substances. These were determined by Nelson’s 

17-2 
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Table 1 . Composition of mycelium preparations [inoisture free) 


1952 


Mycelium 

M — whole mycelium 

Ms — extracted by organic solvents 

3Isiu — extracted by organic solvents and by water 


Composition (mg./g. mycelium) 
! — ^ — L 


Yield 
(mg./g. 3J) 

Ash 

N 

P 

Carbohydrate 
(as polyhexose) 

— 

38 

31-5 

7-0 

510 

700 

34 

35 

7-6 

640 

630 

14 

34-5 

3-3 

700 


( 1944) adaption of the Somogyi method, without the pre- 
liminary precipitation of protein. 

Amino sugar estimations. These were made on hydroly- 
sates freed from the HCl used by repeated distillation in 
vacuo. The method of Elson & Morgan (1933) was modified 
by Mr M. V. Tracey of this department according to Blix 
(1948) and Immers & Vasseur (1950). Amino sugar was also 
determined by distillation with saturated hTajPO^ solution 
plus sodium borate, and estimation of the NH3 produced by 
nesslerization (Tracey, 1951). 

Paper chromatography. One-dimensional, descending 
paper chromatography was used for qualitative and 
quantitative examination of the carbohydrate components 
(Flood, Hirst & Jones, 1948). The sugar spots were de- 
veloped with either ammoniacal AgNOj (Partridge, 1948) 
or aniline phthalate in glacial acetic acid (Hough, Jones & 
Wadman, 1950). 

Colloidal material. This was isolated by dialysis in a 
cellophan membrane into frequently changed distilled 
water. 

EXPERIMENTS AND RESULTS 

In general, estimations were carried out, not only on whole 
mycelium (M), but also on mycelium that had been e.x- 
haustively extracted with organic solvents (Ms) and then 
with cold and hot water followed by a further extraction with 
ethanol (Msic) (cf.Tablel). Whetherornoextractedmaterial 
interfered with the determinations could be recognized. 

Organic solvent extraction. This removed 31 % of the dry 
weight of M. In the preparation of Msw, further extraction 
with ethanol removed another 1 % of the dry weight of M. 
A little more fat-soluble material was liberated by hydrolysis 
oO/s!cwithN-HCIinaboiling-waterbathfor2 hr. Amount- 
ing to 2-5 % of the dry weight of 31, it was extracted from the 
solid residue by boiling ether-ethanol mixture (1:1) and 
from the aqueous layer by ether. More severe conditions of 
hydrolysis or refluxing over a flame produce traces of black 
' humin ’ material which is itself soluble in ethanol. A total of 
34-5% of the dry weight of M is, therefore, actually or 
potentially extractable from the mycelium with organic 
solvents. 

No attempt was made to prepare pure compounds from 
these extracts, with the exception that mannitol was 
readily isolated by extraction with water, and after re- 
crystallization had m.p. 165°, unchanged when mixed wth 
an authentic specimen. The hexaacetatehadm.p. 120°, also 
unchanged on admixture %vith an authentic specimen. 

The combined material extracted with organic solvents 
contained 22% of the total N of mycelium M, and 24% of 
the total P. 

Water extraction (cf. Tables 2a and &). Mycelium 31 (1 g.) 
extracted four times noth water (25 ml.) in a steam bath, 
lost 29% of its dry weight. On dialysis 16% of the dry 
matter of the extract was retained as colloidal material. The 
extraction of mycelium 31 s yielded dry matter equivalent to 


Table 2a. Composition of water extract 
of mycelium (M) 

Content 



mg./g. 

dry matter 

Percentage 
of total 
constituent 
in 31 

Percentage 
of each 
constituent 
in colloidal 
fraction 

Nitrogen 

35 

32 

19 

Carbohydrate 
(as glucose) 

220 

10 

36 

Reducing 

substance 

20 

— 

— 


(as glucose) 


Table 26. Composition of water extract of solvent- 
extracted mycelium (Ms) 


Content 


f 

% 

Percentage 

Percentage 

of each 

of total 

constituent 

mg./g. constituent 

in colloidal 

dry matter in 3/ 

fraction 


Nitrogen 

40 

7 

75 

Phosphorus 

55 

45 

20 

Carbohydrate 

330 

3 

100 

(as glucose) 





Table 3. x- Amino-acid N content o/HCl 
hydrolysates of mycelium 

(Mycelium taken into I2N-HC1 solution, was diluted vitli 
an equal volume of water, and heated in a sealed tube 
immersed in boiling water, for 20 hr. The HCl was removed 
by vacuum distillation.) 

a-Amino-acid N a- Amino-acid N 
(mg./g. N (mg./g. N 

of mycelium) of mycelium M) 

46 46 

66 44 


Mycelium 

M — ^whole mycelium 
Ms — extracted by 
organic solvents 
Msw — e.xtracted by 
organic solvents and 
by water 


68 


40 


only 5-5% of the dry weight of mycelium M. On dialysis, 
50% of the dry matter of the extract was retained. 


, Protein 

Results are summarized in Table 3. A protein concentrate 
which was free, as far as could be ascertained, from other 
nitrogenous material was prepared by extraction of ' 

cold 2i«-NaOH, precipitation of the carbohydrate w hh 
equal volume of ethanol and, after bringing to pH 1 y* ^ 
glacial acetic acid, removal of the bulk of the ethano J 
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distillation in vncuo^ The small amount of insoluble material 
■was spun off and contained less than 2 % N- Trichloroacetic 
acid solution (20%) was added to the filtrate to a final con- 
centration of 5 % and the precipitate centrifuged off and 
washed with ethanol. About O'O-l g, of a pale-bromi powder 
containing 9 % N was thus isolated from 1 g, of Ms, After 
acid hydrolysis 720mg. a-amino-acid N/g. totalN was found. 
The apparent amino-sugar content, determined by the 
Elson & Morgan method was less than 1 %, while in the case 
of Tracey’s (1951) method, the NHj-N (50 mg./g. total N) 
was identical with the N given off as ammonia on distillation 
with saturated sodium phosphate solution. How far this 
figure of 720 mg. a-amino-acid N/g. total protein N is 
representative of the mycelial protein as a whole is not 
known, but under the conditions of hydrolysis used it is 
fairly typical of other protein preparations examined. 

Assuming, therefore, that the mycelial protein of M 
yields 440 mg. a-amino-acid N/g. total N, and this value 
represents 72 % only of the total protein N, then about 60% 
of the total N of mycelium M must be present in protein, 
which, using the conventional conversion factor 6-25, 
corresponds to 12% of protein in mycelium M. 

Nucleic acid 

An estimation of nucleic acid N and P was made follorving 
the method of Schneider (1945). Trichloroacetic acid solution 
(12-5 ml. of 10 %) was added to mycelium Ms or Msiu (1 g.) 
which had been allowed to soak in water (5 ml.) at room 
temperature for 30 min., and the mixture stirred for 
20 min. After filtering with suction through madapollam the 
residue was refluxed, first with ethanol, then with chloro- 
form. The air-dried product was then extracted with 5% 
trichloroacetic acid (25 ml.), with the extraction tube 
standing in boiling water, for 15 min. After filtering and 
washing, first with 5% trichloroacetic acid and then with 
water, extract and washings were combined. The cold 
trichloroacetic acid removed little more N and P from ifs 
than did water, and the extract from Msiv was very slight. 
With hot trichloroacetic acid the amount of P extracted 
amounted to 110 mg./g. of total P in M, and of N to 70- 
100 mg./g. of the total N in M. Accepting the values found 
for phosphorus extracted, and assuming that nucleic acid 
contains about 10% P, this leads to a value of 8-0 mg. of 
nucleic acid/g. mycelium M. 

After liydrolysis of Ms with n-Hj,S 04 for 7 hr. in a sealed 
tube immersed in boiling water, ribose was detected in 
tlic hydrolysate by paper chromatography. Quantitative 
measurements using a known amount of xylose as standard 
showed the presence of about 1-0 mg. ribose/g. M. 

Chitin 

The presence of polyacetylglucosamine in the mycelium 
(10 g.) was shown by hydrolysis with 6 k-HC 1 at 100° for 
C hr. of the fraction of the mycelium remaining after ex- 
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traction with 2N-NaOH. following distillation of the acid 
in vacuo, glucosamine hydrochloride w'as isolated from the 
solid residue by rubbing with acetone, followed by two 
crystallizations from aqueous ethanol. The colourless 
crystals (0-3 g.) had W=/-f71° (c, 1-5 in water), after 
standing. An authentic sample of glucosamine hydro- 
chloride gave [a] -1-72° (c, 1'5 in water), after standing. 

(Found N, 6-6. CeEj^OsNCl requires N, C-5%-) The osazone 
was identical in crystalline form with glucosazone prepared 
firom an authentic specimen of glucosamine hydrochloride, 
and had m.p. and mixed m.p. 204-205°. 

A mixture of the mycelium (10 g.) with 72% (w/w) 
H2SO4 (20 ml.) after standing for 2 days was diluted to 
700 ml. and refluxed for 10 hr. The acid was partiaUy 
neutralized TOth Mg(OH)2 and the product steam distilled. 
A definite positive test for acetic acid with lanthanum 
chloride and iodine (Kruger & Tschirch, 1930) was not given 
by this distillate, but when volatile reducing substances 
w'ere fixed by oxidation with KMn04 beforehand, the steam 
distillate then gave a positive test. This effect is presumed to 
be due to the sulphur dioxide present in the hydrolysate, 
since sulphites were shown to reduce the sensitivity of the 
colour reaction. A small amount of a colourless, crystalline, 
water-insoluble material, which has not been identified, was 
filtered from the main bulk of the distillate which, after 
neutralization with NaOH was evaporated to small volume, 
acidified with HCl and extracted with ether. After evapora- 
tion of the ether, the extract smelt strongly of acetic acid and 
gave ap-phenylphenacyl ester, which after reorystaUization 
had m.p. 109°. An authentic sample prepared from acetic 
acid had m.p, 110° and the mixed m.p. was 109°.. 

Adapting the method used by Black & Schwartz (1950) 
for the estimation of chitin in crawfish W'aste, mycelium 
(1 g.) was extracted once with cold 5 % (w/v) NaOH (25 ml.) 
by standing, with frequent stirring, for 30 min. The in- 
soluble material, spun down or filtered through madapollam 
under suction was extracted three times with the beaker 
standing in boiling water. Further extraction removed only 
traces of N. The residue was washed with water, u-acetic 
acid, again with water, refluxed %vith ethanol, followed by 
acetone, then chloroform, and air dried. Table 4 gives yields 
and analyses of the product, M.alk. The cold alkaline ex- 
tract was used as a source of alkali-soluble carbohydrate. 

After hydrolysis of M.alk. or chitin itself with 6 u-HCl for 
16 hr., no a-amino-acid N was found. Assuming, therefore, 
that the N content of M.alk. is entirely derived from amino- 
sugar residues, aminimum of about 9 % of the total N of my- 
celium M is present in this form. This corresponds to about 
19% of chitin in M.alk. and to about 4% in mycelium M. 

Hydrolysis of mycelium with HCl, removal of the acid by 
distillation in vacuo, and estimation of amino sugar, gave 
further information. Initial experiments were carried out on 
an authentic sample of chitin (100 mg.) brought into 12 n- 
HCl solution (1 ml.) by standing at room temperature, then 
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diluting and heating in a sealed tube in boiling water. Amino- 
sugar content was estimated by Tracey’s (1951) method. 
Heating with 6 n-HC 1 for 3-15 hr. gave values between 86 
and 92 % of the total N given off as NH3 , wthout a distinct 
maximum ; 4 n-EGI for 10 hr. gave about 75 % of the total N 
as NH3, and 3 n-HC 1 for 10 hr. gave about 70%. Irving 
(1909), on polarimetric evidence, claimed that chitin was 
completely hydrolysed by cone. HCl in 8-10 hr. at 40-45“. 
However, chitin hydrolysed with IOn- or 12 n-HC 1 for 10 hr. 
at 37“ gave only 40% of its N as NH, when distilled -svith 
sodium phosphate. Even after 48 hr. hydrolysis, no more 
than 50 % was obtained. 

On the basis of these results, hydrolysis of mycelium was 
carried out by taking up the sample (100 mg.) in 12N-HC1 
(1 ml.), diluting after 2-3 days (when the mycelium was 
almost completely dispersed) with an equal volume of water 
and heating for 6 hr. in a sealed tube in boiling water. A 
small amount of black, insoluble material was formed, and 
care was taken to carry out estimations by the Elson & 
Morgan method on the clear, pale yellow or brown super- 
natant liquid. 

In the case of mycelium hydrolysates the N volatile on 
distillation with sodium phosphate solution includes a 
proportion of NHj-N derived from the degradation of amino- 
acids and this must be allowed for. However (Table 5) about 
20 % of chitin N is also degraded to NH^ and hence the net 
amounts of N in column 3 are taken to represent only 80% 
of the total chitin N. A correction is made for this in 
column 4. About 12 % of the total N of mycelium M occurs 
in amino-sugar residues, corresponding to 5-5 % chitin in the 
mycelium. 


1952 

Discordant results are obtained unless the laboratory atmos- 
phere is clear. The size of the blanks are reduced if the steam 
source is made alkaline.- Under these conditions the following 
results were obtained: 

iV-Acetylglucosamine. (Found: CH3CO, 19-3. Calc for 
CeHijOjN.GOCHj ; CH3CO, 19-4%.) 

A chitin sample. (Found: N, 6-0; CH3CO, 19-2. Calc, for 
anhydroacetylglucosamine, CeHioOiN.COCHa: N, 6-9; 
CH3CO, 21-2%.) 

M.alk, (Found: CH3CO, 4-1. Calc, for a chitin content of 
19%:CH3CO,4-0%.) 

Ms. (Found: CHjCO, 1-7, corresponding to 1'2% 
CH3CO in mycelium M.) 

3Isw. (Found: CH3CO, 1-75, corresponding to M% 
CH3CO in mycelium M.) 

M. (Found; CH3CO, 1-5 %.) 

If mycelium M contains 5-5 % of chitin, it would have 
1-2 % CH3CO. The higher percentage found in M itself must 
be due to the presence of acetyl compounds or other materials 
giving rise to volatile acid on hydrolysis, among the fat- 
soluble components. No higher fatty acids than acetic were 
detected in the distiUnte by paper chromatography using the 
method of Brown (1950). The titration figure was not re- 
duced by the addition of KMnO^ before distillation, con- 
firming the absence of formic acid. 

Carbohydrate 

To estimate the carbohydrate content of mycelium by the 
orcinol method (Pirie, 1936), which obviates interference 
from protein or amino-sugar, the sample is taken up in 72% 
(w/w) H2SO4 (4-6 mg./ml.) by allowing to stand at room 


Table 5. Glucosamine N in hydrolysates of mycelium 


(Hydrolysis by 6 n-HCI for 6 hr. Results as mg./g. total N in material except in last two columns.) 


Material 

Glucosamine HCl 
Chitin 

Mycelium M 
Mycelium Ms 
Mycelium Msw 
M.alh. 


Ammonia 

Distilled 


N 

N 


(AN) 

(DN) 

DN -AN 

50-60 

960-1050 

900-1000 

70-80 

870-920 

780-850 

80-90 

180-190 

90-110 

60-70 

190 

120-130 

50-70 

190-220 

140 

30-60 

800-850 

790-820 


(DN -AN) 
xl-35 

N (E & M) 

Total 

N in mycelium if 

(mg./g.) 

A 

'(DN-AN) 

X 1-25 N (E & 

_ 

96-106 



— 

93-110 



120 

90-110 

120 

100 

150 

130-140 

117 

100 

175 

180 

122 

125 

1000 

720-870 




N (E & M) refers to glucosamine N estimated by Elson & Morgan’s (1933) method. 

Distilled N refers to glucosamine N estimated by distillation with saturated sodium phosphate (Tracey, 1951). 


Estimations of acetyl content were made by allowing the 
mycelium (50 mg.) to stand for several days in 72 % (w/w) 
H2SO4 (0-5 ml.), diluting to 12-5 ml. (to give an approxi- ' 
mately N-acid solution) and heating in a boiling-water bath 
for 3 hr. After unsealing, the tubes were allowed to stand 
uncorked for about an hour to free the solution from 
volatile inorganic acid. No acetic acid is lost. 1 ml. of the 
solution, mixed with about 4 g. MgSO^ . 7H2O (to accelerate 
the distillation of the acid; Olmsted, tVhitaker & Duden, 
1929), was distilled in a Markham (1942) stUl at the rate of 
about 1 drop/sec., until exactly 10 ml. of distillate had been 
collected. The distillates were titrated with 0-2K-Ba(OH)2 
solution from a Conway microburette. Blank distillations 
were made from 1 ml. N-H2SO4 and 4 g. MgS04 . 7H2O. 


temperature for 1-3 days, when the solution from fat-free 
samples is completely clear and yellow to brown in colour. 
Mycelium M gives an opalescent solution due to acid-m- 
ioluble fatty components. The estimation is carried out at 
i suitable dilution. The values obtained were unaffected by 
;he time the mycehum was allowed to stand in acid, up to 


The polyhexose content of M is taken as 45 %, calculate 
from the value obtained for Ms (Table 1). A certain amoun 
of orcinol-positive material is therefore extracted by organic 
solvents, and this is presumed to be identical with tie 
dialysable carbohydrate extracted by water from 
(Table 2o). Although this water extract contains a sraa 
amount of reducing substance, no reducing sugar was 
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detected in it or the ethanolic extract by paper chromato- 
graphy. After hydrolysis of a sample of ethanolic extract 
wth N-H2SO4 glucose was detected by paper chromato- 
graphy. 

Only a small amount of colloidal carbohydrate is ex- 
tracted by water from M or Ms (Tables 2 a and 6), but larger 
amounts are dispersed by cold 2 N-alkali. By precipitation of 
the alkaline solution with an equal volume of ethanol 
(Norman & Peterson, 1932) a predominantly carbohydrate 
material is obtained representing 10-16 % by weight of M 
and containing only 0’6-l-0% N. On hydrolysis with 
n-HjSOj for 10 hr. in a sealed tube in boiling water, it was 
not taken entirely into solution, which contained only 
600 mg. of reducing sugar (as glucose)/g. polysaccharide. 
On hydrolysis for 20 hr., after preliminary solution in 72% 
(w/w) HjSOj, 850 mg. reducing sugar/g. of polysaccharide 
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in the hydrolysis of material containing protein or 
amino sugar and carbohydrate. 


Table 6. Gofnposition of mycelium M [moisture-free) 

(The air-dried mycelium contains in addition, about 10 % 

moisture.) , ,, 

mg./g. M 

Pat and organic solvent-soluble material 345 

Residual, dialysable, water-soluble material 30 

Polyhexose carbohydrate 460 - 

Protein 120 

Chitin 55 

Nucleic acid 10 

Residual, unextraeted ash 10 

Total 1020 mg. 


were obtained. 

The alkali-extracted mycelium, M.alk., contains about 
74 % of carbohydrate (aspolyhexose), associated with chitin. 

Ms, taken up in 72% (w/w) HjSOi by alio\ving to stand 
for 2 days, diluted to give an n-aeid solution, and hydrolysed 
for 20 hr. gave 73 % of its dry weight as reducing substance, 
calculated as glucose. Paper chromatography indicated the 
presence of glucose, galactose, and mannose, approximately 
in the ratio 10:1-7;1, and these three sugars were also 
present in M.alk., whereas the alkali-soluble polysaccharide 
contained only glucose. An oaazone was prepared from a 
hydrochloric acid hydrolysate of this material (after removal 
of acidic and basic compounds with resin columns), identical 
in crystalline form, melting point and mixed melting point 
with an authentic specimen of glucosazone. Under con- 
ditions which readily yielded cellobiose ootaaoetate from 
cotton-wool cellulose, no such compound could be isolated 
from this alkali-soluble glucose polymer. 

The presence of galactose in the mycelium was confirmed 
by o.xidation with HNO3 of an HCl hydrolysate of Ms (3 g.) 
freed from acidic and basic material, and isolation of mucio 
acid, m.p. 211-212° (decomp.) ; mixed melting point with an 
authentic specimen 212-213° (decomp.). 


DISCUSSION 

Tho preceding results lead to the figures for the 
composition of the mycelium given in Table 6. 
There is no indication that the mycelium contains 
lignin-like substances ’, and it is quite erroneous to 
suppose (as did Pinek & Allison, 1944) that the 
mycelium fraction insoluble after standing for 2 hr. 
in 72% (w/w) H 2 S 04 followed by refluxing after 
dilution to 3 %, can be characterized as crude 
lignin. Even M.alk., which certainly after alkali 
e.xtraction contains no lignin, requires at least 24 hr. 
to disperse completely. On dilution of the clear 
solution and refluxing, a small amount of black 
material is formed but this is an invariable artifact 


Nitrogen is distributed among the organic solvent 
extract (22%), residual water-extractable and dia- 
lysable material (5 %), protein {60 %), chitin (12 %), 
and nucleic acid (4 %). 

About 70 % of the total phosphorus is extracted 
by organic solvents and water and 10 % remains 
in M.alk. (which surprisingly contains 0-3% P). 
Nearly 10 % is present in nucleic acid. 

The composition of M.alk. approximates to: 
polyhexose 74%; chitin 19%; ash, 1%. The 
remainder has not been accounted for. 


SUMMARY 


1. The composition of a sample of mycelium of 
Penicillium griseofulvum has been, studied with' 
particular reference to the high molecular weight 
components. 

2. Pats and compounds soluble in organic sol- 
vents amount to about 35 %. 

3. Protein (about 12 %) was estimated by a 
determination of a-amino-acid nitrogen on various 
fractions hydrolysed with hydrochloric acid. 

4. Carbohydrate (about 50%) occurs for the 
most part as polyhexose. Glucose is the predomi- 
nant sugar residue, but galactose and probably 
mannose are also present in the polysaccharide. 

5. The presence of chitin (about 6-5 %) was con- 
firmed, but it was only isolated associated with 
carbohydrate. 

6. There is no indication of the presence of lignin. 


- — - ... iignuunurai nesearca Uouncil for a 
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The Component Acids of the Fats of some Indian Fresh-water Fish 

By S. P. PATHAK and C. V. AGABAA’^AL 
Department of Industrial Chemistry, Benares Hindu University 

{Received 3 September 1951) 


The fats studied were from the body, viscera and 
liver of bhakur fish {Gatla buchanani) and from the 
liver of pahtma fish (Wallago attu). These fish were 
from the Biver Ganges at Benares. 

METHODS 

The separated tissues (body, viscera or liver) were cut up 
into small pieces and extracted exhaustively mth bot 
acetone. The extracted material was then taken up in light 
petroleum (b.p. 40-60°), the watery portion separated and 
the lipids recovered and dried at 100° under reduced 
pressure. The body and liver tissues were also treated by 
alkali digestion as recommended by Rapson, Schwartz & 
Van Rensburg ( 1943), but little fat could be extracted by this 
treatment. The fats were kept in 10 vol. of acetone at 0° to 
separate the phosphatides, if present, ftom the glycerides. 

The fats were hydrolysed, and the mixed fatty acids 
recovered were resolved into groups of simpler mixtures of 
acids by the lithium salt-acetone (Tsujimoto, 1920; Tsuji- 
moto & Kimura, 1923) and lead salt-ethanol methods. Each 
group of the acids was separately converted into methyl 


esters, taking precautions recommended by Bjamason & 
Meara (1944), and fractionated through an electrically 
heated and packed column. From the iodine values and 
equivalents of the ester fractions the composition of the 
latter were calculated by the method of Hilditch (1947). 
The mean imsaturation, expressed by the fractional number 
of hydrogen atoms short of saturation, e.g. - 2-0 (mono- 
ethenoid), was determined as usual by interpolation or 
extrapolation from the respective ester fractions in each 
group from which the mean equivalent of each of the homo- 
logous ester groups (Cj^, Cjs, Cjo. Cjjand C24) follows. From 
the composition of each of the separated groups of fatty acids, 
that of the original fat was obtained. 

RESULTS 

The lipids and phosphatide contents of the tissues 
and the iodine values of the fats are given in 
Table 1. 

■ Bhakur fats. The mixed fatty acids obtained by 
the hydrolysis of fats, as described earlier, from body 
(159-6 g.), viscera (202-8 g.) and liver (29-3 g.) were 
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Table 1. Components of tissues of bliakur and pahuna 

Bhakur 


265 



/ 

A 

\ 

Pahuna 


Body 

Viscera 

Liver 

liver 

Water content (% on vet tissues) 

67-5 

40-2 

72-7 

' 68-3 

Lipid content (% on wet tissues) 

6-3 

44-8 

8-5 

5-1 

Lipid content (% on dry tissues) 

19-0 

75-0 

31-3 

16-1 

Phospbatides in lipids (%) 

0 

0 

5-4 

12-6 

Iodine value of the fat 

97-9 

, 87-2 

90-5 

122-9 


Table 2. Fractionation of tissue fats of bhakur 


Body 


Viscera 


Liver 


Group description 
A Lead salt ethanol-insoluble 
B Lithium salt acetone-insoluble 
but lead salt ethanol-soluble 
0 Lithium salt acetone-soluble 

Table 3. Fractionatoin of methyl esters of 
bhakur body-fat acids A, B and G 

Weight Saponification Iodine 

Fraction (g.) equivalent value 

Methyl esters of acids A 

0-2 
0-4 
0-6 
0-6 
0-6 
M 
M 
L6 
24 
11-6 


Weight 

Iodine 

Weight 

Iodine 

(%) 

value 

(%) 

' value 

31-8 

1-4 

36-8 

5-3 

47-8 

111-8 

49-9 

105-0 

20-4 

248-2 

13-3 

237-6 


J 1 

3-05 

254-6 

.42 

3-29 

265-7 

vl3 

3-86 

268-0 

44 

3-93 

270-7 

45 

4-01 

271-2 

46 

4-80 

271-5 

47 

3-26 

272-2 

48 

3-67 

274-8 

49 

5-37 

284-3 

410 

4-24 

39-48 

289-2* 


Methyl esters of acids 


B4 

jB5 

B6 

B1 

jBS 

B!) 

BIO 

Bll 

B12 

B13 

B14 

B15 


C\ 

C2 

C3 

C4 

cr, 

CO 

Cl 

CO 

CO 


2- 38 

3- 16 

4- 53 

4- 97 

5- 22 

3- 57 

4- 65 
4-75 

2- 33 

0- 02 

3- 68 

4- 20 
4-46 
2-04 
4-25 

69-OG 

Methyl esters of acids C 

1- 38 

2- 84 


253-7 

267-1 

270-0 

272- 7 

273- 3 
273-8 

277- 6 

278- 0 
278-5 

278- 7 

279- 4 
281-9 
285-9 
299-6 
327-3* 


51-6 

72-0 

83-1 

83-8 

90-1 

93-0 

93-6 

99-9 

100-2 

102-6 

107-4 

112-3 

134-8 

169-7 

183-1 


128-5 
153-3 
176-0 
256-7 
292-0 
332-7 
336-7 
340-9 
143-6 

Kqiiivnlcnts of esters tfroori 
■«ntter): .4 10, 285-5; B 15 , 317 !^^; C 


2-06 

3-67 

2- 95 

3- 05 
5-3S 
3-90 
2-98 

28-81 


271-5 
281-2 
299-3 
30S-4 
325-5 
335-6 

344- 8 

345- 8 
358-0* 


Weight 

(%) 

32-8 

67-2 


Iodine 

value 

22-4 

138-0 


separated . into simpler groups of acids by the 
methods indicated in Table 2. 

Each group of the acids was separately converted 
into methyl esters, which were fractionally distilled 
under reduced pressure through the column 
mentioned. The fractionation data for the methyl 
esters of the three groups of the body fat are 
summarized in Table 3. 

The percentage composition, calculated from 
iodine values, and the equivalents and the mean un- 
saturation determined for each group of acids, and 
thence the component acids of the body fat, are 
recorded in Table 4. 

Similarly, the component acids of the visceral and 
liver fate of bhakur were studied and their fatty acid 
compositions are given Tables 5 and 6, respectively 

Pahuna liver fat. 37-5 g. of the lipid, obtained in 
the usual manner from 736 g. of wet tissues, de- 
posited 4-7 g. of crude phosphatides from a 10 W 
acetone solution at 0°. As the quantity of the aci,te 
available was small it was decided, unlike the 
bhakur liver fatty acids, to convert them as such 
mto methyl esters and fractionate. The fractionation 
data are given m Table 7 and the figures for com- 
ponent fatty acids in the whole fat in Table 8. 

DISCUSSION 

naf/ttr/nof^’ l^erjats. It is unfortu- 

nate that not much work has so far been done on thf, 

fate of fresh-water fish, specially on those of Indian 
origin, ^alyses of fats from different parts of the 

fahakurtX^lSm^rdVverfar™^ acids of 
acid contents ofbody, visceraanrl li ' saturated 
30./„ 
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the individual acids are somewhat similar — the 
chief difference being the much lower content of 
palmitic acid in the liver fat. It is also interesting to 
note the gradual increase in the relative proportions 
of saturated acids of higher molecular weights from 
body to viscera and to liver fats. The differences 
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(25 %), of viscera Cig (37 %) and of liver Cj, (26 %) 
although the Cjs acid content (25 %) of the liver fat 
is also almost equally high. Unsaturated and 
C24 acids are minor components of these fats. In the 
visceral and the liver fats the unsaturated acid 
group is much lower than in the body fat, but these 


Table 4. Component acids of bhakur body fat 


Acids 

A 

(31-8%) 

B 

(47-8%) 

G 

(204%) 

Total 

unsaponifiable 

, * 

{%, w/w) Moles % 

lifyristic 

1-8 

M 

— 

2-9 

2-9 

3-5 

Palmitic 

24-0 

4-9 

— 

28-9 

29-0 

30-6 

Stearic 

5-2 

1-3 

— 

6-5 

6-5 

6-2 

Unsaturated; 

Trace 

0-2 


0-2 

0-2 

0-2 

Gjo 

04 

23-2 

1-7 

25-3 

25-3 

26'9 

C18 

04 

13-7 

3-8 

17-9 

17-9 

17-3 

^20 

— 

3-3 

4-2 

7-5 

7-5 

6-6 

Cjn 

— 

— 

101 

104 

104 

8-3 

C.4 

— 

— 

0-5 

0-5 

0-6 

04 

Unsaponifiable 

Trace 

04 

01 

0-2 

— 

— 

Mean unsaturation of: 

C,4 -2-0 

-2-0 

-2-0 

-2-0 



Cje 

-2-0 

-2-0 

-4-0 

-2-7 

— 

— 

C,8 

-20 

-2-3 

-60 

-2-5 

— 

— 

C20 

-2-0 

-5-0 

-8-0 

-5-7 

— 

— 

Cjj 

— 

— 

-9-0 

-9-0 

— 

— 

Table 5. Component acids in groups A, B, C and in the whole bhakur visceral fat 


Component acids in groups Component acids 





— — ■ • " ^ 

in wnoi 

B lau 


A 

B 

C 

f 


Acids 

(36-8%) 

(49-9%) 

(13-3%) 

{%, w/w) 

Moles % 

Myristio 

1-3 

1-6 

— 

2-8 

34 

Palmitic 

24-7 

0-6 

— 

25-3 

26-9 

Stearic 

74 

0-5 

— 

7-9 

7-6 

Arachidic 

14 

— 

— 

14 

1-2 

Unsaturated: 






Cl4 

' Trace 

04 

1-0 

14 

1-6 

ClO 

0-7 

60 

3-3 

100 

10-8 

C18 

0-7 

33-2 

3-3 

37-2 

364 

Cjo 

0-6 

7-7 

3-6 

11-9 

10'6 

C 22 





24 

24 

1-8 

Unsaponifiable 

Trace 

Trace 

Trace 

— 

— 

Mean unsaturation of; 






Cu 

-2-0 

-20 

-2-0 

-2-0 

— 

C16 

-2-0 

-2-0 

-4-0 

-2-7 

— 

C18 

-2-0 

-2-3 

-6-0 

-2-5 

— 

C20 

-2-0 

-50 

-8-0 

-6-7 

— 

C22 

— 

— 

-9-0 

-9-0 

— 


become marked in the unsaturated portions. Here 
also, in a general way, the relative proportions of 
acids of higher molecular weights increase in the 
same order accompanied by a general decrease in the 
mean unsaturation — the mean unsaturation of Cjg 
and Cjg acids in the visceral fat deviating slightly 
from the rule. In the unsaturated acid portions the 
chief component acid in the fat of body is Cjg 


fats are richer in unsaturated C^g acids. Liver fat is 
rich in C20 acids. Visceral fat has a small amount ot 
C,, acids, but body and liver fats have larger and 
ataiost equal amounts ( 10 %) of this ^oup. 

The analyses show large differences in the conmn s 
of the fatty acids in the body, visceral and hver 
fats of bhakur, specially in the imsaturated aci 
portions. These results are somewhat different from 
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• \ Aron rlifferences in the unsaturated acids of the body 
those for jacopever (^Sehastichthys mpensis) ( turbot and halibut. Hilditch & 

Bensburg, Rapson & Schwartz, pathak (1949) found that blubber and liver fats of 

that the jacopever visceral fat fht common seaUhowed distinct differences in their 

fat ; hut in the liver fat the proportion of acids IS 

Table 6. Component acids of bhakur liver fat 

A 


Acids 

Myristio 

Palmitic 

Stearic 

Arachidio 


A 

(32-8%) 

0-6 

16-5 

4-1 

3-1 


B 

(67-2%) 

2-4 

2-3 


Acids excluding 
unsaponifiable 


Total 

0-6 

18-9 

6-4 

3-1 


{%, w/w) 

0-6 

190 

6-4 

3-1 


Moles % 

0-7 

21-3 

6-6 

5.0 


Unsaturated: 

Cm 

C,e 

Cl8 

Cjo 

Cm 

Unsaponifiable 
Mean unsaturation of: 

Cie 

Cl8 

Cjo 

C22 

Cm 


Trace 

1-4 

0-9 

5-8 


0-4 


- 2-0 

- 2-0 

- 2-0 


5-5 

24-3 

20-5 

9-3 

2-5 

0-4 


Trace Trace Trace 

6-9 7-0 7-9 

25- 2 25-4 25-8 

26- 3 26-5 24-8 

9.3 9-4 8-1 

2-5 2-6 2-0 

0-8 — — 


_ 2-0 - 2-0 

-2-7 -2-7 

_5-l -4-8 

-6-5’ -6-5’ 

- 8 - 0 ? - 8 - 0 ? 


Table 7. Fractionation data of methyl esters of 
pahuna liver fat acids 


Fraction 

Weight 

Saponification 

Iodine 

no. 

(g-) 

equivalent 

value 

1 

1-82 

262-0 

27-9 

0 

2-07 

270-3 

28-9 

3 

1-84 

278-0 

41-1 

4 

2-07 

288-7 

79-1 

5 

2-37 

293-6 

92-7 

G 

2-05 

295-6 

98-9 

7 

2-37 

301-3 

120-0 

8 

2-27 

318-6 

207-6 

9 

1-97 

333-7 

259-0 

10 

2-10 

338-3 

283-2 

11 

2-32 

353-7* 

104-9 


* Equivalent of ester (freed from unsaponifiable matter) : 
327-0. 


Table 8. Component acids of pahuna liver fat 


Acids 

0/ 

/o 

(%. w/w) 

hloles % 

Myristic 

1-44 

1-5 

1-8 

Palmitic 

14-15 

14-2 

15-9 

Stearic 

4-00 

4-0 

4-1 

Unsatnrated: C,. 

0-42 (-2-0) 

0-4 

0-5 

c„ 

8-42 (-2-0) 

8-4 

9-5 

Cm 

32-45 (-2-4) 

32-6 

33-2 

c« 

19-76 (-5-3) 

19-8 

18-5 

C.J 

19-00 (-8-0) 

19-1 

16-5 

Unsaponifiable 

0-36 

— 

— 


about 4G as compared with 28 % for the body whilst 
the C;5 and C., acids are 13 and 8% as compared 
with 22 and 17 % for the body fat. Other small 
noticeablo differences (of 2-3 %) in the body and 
the liver fats are in palmitic, stearic and unsaturated 
Cj, acids. Lovcm (1932, 1937) found similar 


saturated acids and still greater differences in their 
unsaturated acids. 

Unfortunately not many visceral fats have been 
studied so far. But some of the analyses of visceral 
fats have been made in cases in which data is also 
available for the blubber fat of the same animal, 
even if it has not been studied by the same person. 
The composition of herring visceral fat found by 
Hilditch & Pathak (1948) is widely different from 
that of herring body fat given by Lovem (1938) with 
respect to unsaturated- acids and there are smaller 
differences in the saturated acids. The ling visceral , 
and liver fat analyses of Shorland (1939) show 
specific differences in their , Cjq and Cjo acids. 

Pahuna liver fat. In comparison with bhakur, the 
pahuna has more phosphatide in the liver lipids, and 
the liver fat is less rich in saturated acids. Palmitic 
acid is the chief saturated acid in both. The Cjg un- 
saturated acid content is similar. The chief un- 
saturated components of pahima liver fat are Gig 
unsaturated acids (33 %, which is higher than in 
the bhakur), but the Cjj acid group (20 %) and Cja 
acid group are major components. Comparison 
with published figiues for fats of fresh-water fish 
from other parts of the world gives the impression 
that the Indian fish livers are low in Cu and high in 
Cjj unsaturated acids, but the comparison may not 
be valid, for the published figures are generally not 
for liver fats, known to be richer in acids of higher 
molecular weight. 

It is worth while to draw attention to the potential 
source of fat for industrial purposes in the viscera of 
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bhakur. The wet tissue, now discarded, contains 
45 % of fat, the recovery* of which should be 
remunerative. ' 

STOniAP.Y 

1. The compositions of body, viscera and liver 
lipids from bhakur {Catia hiichanani), and of liver 
fat of pahuna (Wallago attu) have been studied. 
Preliminary separations of the fatty acids into 
groups differing in unsaturation have been carried 
out with the help of lithium and lead salts in acetone 
and ethanol, respectively, and the compositions 
studied by the ester fractionation procedure. 
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2. The component acids of bhakur body, viscera 
and liver fats show significant differences in their 
proportions and degree of unsaturation. The fat 
content of viscera is remarkably high, 45%, as 
compared to 6-3% in the body and 8-5% in the 
liver on wet tissues, and industrial exploitation of 
the fat has been suggested. 

3. The liver lipids of pahima contain more 
phosphatides than bhakur liver fat, and there are 
minor differences in the acid components. 

We are glad to express our most cordial thanks to 
Prof. T. P. Hilditch, F.R.S., for his very useful sug- 
gestions and kind help during the progress of this work. 
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The Formation of Hydrogen Peroxide by a-Radiation in 
the Presence of the Enzyme Carboxypeptidase 
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Christie Hospital and Holt Radium Institute, Manchester 

A>vD L. H. GRAY 

Radiotherapeutic Research Unit, Medical Research Council, Hammersmith, London, TF. 12 

(Received 5 October 1951) 


Tlie enz 3 Tne carboxj^eptidase is inactivated by 
exposvue to either a-radiation or X-radiation in 
aqueous solution. In all except the most concen- 
trated solutions, the inactivation is due almost 
entirely to energy^ dissipated as ionization and 
excitation, in the water, leading to the formation of 
radicals or other active chemical intermediates 
which enter into the reaction with the enzyme. 
Yliilst this is true of both tjq)es of radiation, the 
munber of enzyme molecules inactivated per unit 
energy dissipated in the water by a-radiation is only 
about one-twentieth of the number inactiv'ated by 
an equal dose of X-radiation. Wfiien these experi- 
mental observations were reported (Dale, Gray & 
iMeredith, 1949), it was pointed out that the small 
amount of inactivation brought about by^ a-radiation 
could, in fact, be reasonably ascribed to the very^^ low 
energy’^ electrons, or 8-rays, which branch off as spurs 
along an a-particle track, in which case it would 


appear that the main part of the a-ray energy which 
is dissipated -within a narrow column is almost 
without effect on the enzyme. It was natural to 
associate the absence of effect on the enzyme unth 
the w'ell established fact that a-ray energy, unlike 
X-ray energy, gives rise to hydrogen peroxide 
and hydrogen when dissipated in pme air-free water, 
and to suppose that at all enzyme concentrations 
used in our experiments the radicals formed at very 
high concentration within the a-ray column combine 
together to form hy^drogen peroxide and hydrogen 
before diffusion has brought them into effeotne 
collision with enzyme molecules. In this ease, t le 
presence of the enzyme should ha-im little or no 
effect on the hydrogen peroxide yield, since le 
enzyme does not react with hydrogen peroxide, 
alternative interpretation might be to assume la , 
o-wing to the very high concentration of ra ito . 
interaction with enzyme molecules is confine 
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tion of HjO. was carried out colorimetrically as its titanium 
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those few molecules lying close to the track, so that 
many radicals in succession give up their energies to 
a few already inactivated enzyme molecules. The 
presence of enzyme in this case should cause a 
decrease in hydrogen peroxide yield. The fact that 
carboxypeptidase activity is hardly affected hy 
high concentrations of hyiogen peroxide has made 
possible a comparison of the hydrogen peroxide 
yield by a-radiation in water and in a solution of 
carboxypeptidase. The results show that the 
alternative mechanism has to be rejected. 

EXPERIMENTAL 

The experimental technique followed closely that of 
former experiments (Dale et al. 1949). Radon was divided 
approximately equally between, and sealed into, two small 
and thin glass bulbs. These were then broken within a few 
minutes of pumping, one in a gas-tight vessel completely 
filled with water, and one in a similar vessel filled with the 
carboxypeptidase solution. The amount of radon in each 
solution was measured hy following the rise of the y- 
activity of the solutions, using a conventional ionization 
chamber and electrometer valve circuit. An irradiation of 


compound with a Hilger absorptiometer. 

The concentration of the enzjnne solution was 0-1% 
(w/v). In order to render the HjOj formed by a-radiation 
less liable to decomposition, tlie enzyme solution and the 
control were adjusted to pH 3-8 by addition of H2SO4. This 
pH is on the acid side of the pH of minimum solubility and of 
the isoelectric point of the enzyme. All solutions contained 
O2 in equilibrium with air. 

Control e.xperiments were made to determine the loss of 
water by evaporation, during the blowing off of the radon, 

RESULTS 

The results of the experiments are set out in Table 1. As in 
the earlier experiments, the radiation received by the solu- 
tion can be ^vided into three parts: (1) Radiation from 
active deposits laid doTO on the splinters of the glass bulb 
between the time of pumping the radon and breaking the 
bulb (half of this radiation is assumed to be absorbed by the 
splinters). (2) Radiation from radon and its active deposit 
during the time the radon is in solution. (3) Radiation from 
the active deposits remaining in the solution after removal 
of the radon, and continuing up to the moment of making 
the optical density measurement. 


Table 1. Effect of carboxypeptidase on the hydrogen peroxide yield from water irradiated 

at pH 3‘8 by a.-rays 

(Significance test of difference of ionic yield gives d/a = 1-02 and P=0-30.) 


Carbo.xypeptidase Water 


Time of breaking bulb (<j) (min.) 

Time of removing radon (<j) (min.) 

Time of measurement ((,) (min.) 

Initial amount of radon (me.) 

I'olume of irradiated solution (ml.) 

Volume of solution, after evaporation, used in measurement (ml.) 
Estimated loss of water by evaporation (ml.) 

Amount of HjO- measured (fig.) 

F raction of HjOj measured 

Amount of HjOj in irradiated solution (fig.) 

a-Energy liberated in solution (joules) 

^-Ray correction: 

^-Energy liberated in solution (joules) 

Estimated HjOj due to ^-radiation (fig.) 

Amount of HjOj due to a-radiation (ag.) 
lomc 3’icld for a-radiation 

Estimated errors (%) of: 

Absorption measvirement 
1* ractionation of solution 
Relative amounts of radon 
Total error (%) 


2-7 

107 

250 


3-2 

114 

262 


61-2 

60-0 

3-07 

2-85 

2-34 

0-66 

0-20 

0-05 

103-5 

29-0 

0-83 

0-25 

125-0 

118-1 

43-0 

44-9 

2-2 

2-3 

3-1 

3-2 

121-9 

114-9 

0-264 

0-239 

2-4 

8-5 

2 

3 

1 

1 

3-3 

9-6 


about 1 “s given, and an attempt made to compensate 
fora small aiiTcrencem tl.e distribution of radon between the 
tuo glass bulbs hy adjusting the time of irradiation. The 
ma.hation was ended by pouring the solutions into shallow 

tv a ? r " "‘i’' f'c removal of the radon 

solution. A further 

activ' ? " -I' " for the decav of most of the 

actne deposits remaining in solution, and then the estima- 


th disintegration of radon an 

the active deposits of RaA, RaC and RaC', and in calculatir 

rrrn them, account must be taken of tl 

Sntirbe f Koduets. This can most coi 
1 calcnlatmg an auxffliaiy fimctioi 

a ni’rri deUvered to a solution by tl 

a-particles from radon and its products up to time t afts 
starting at time t=0 with radon free from acUrdepoS 
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It is convenient to normalize the function so that it has the 
value umty after full decay of the radon, and to use the fact 
that 1 me. of radon going to full decay gives in a energy, 
from itself and its products, 64:‘09 joules. The function F{1) 
has the form 

4 

r=l 

wth the following values for the constants A and y: 

1 (Rn) 2 (RaA) 3 (RaB) 4 (RaC) 

A 0-000126 0-227 0-0259 0-0352 min.-i 

y +1-003800 -0-000179 -0-008369 +0-004745 

It is then easy to show that the total energy delivered per 
me. of radon to the experimental solutions, assuming half the 
radiation from the active deposits on the glass splinters to be 
absorbed by the glass, is 54-09 x E joules, where 

£ = J[iP(<3) +e-Ai<, F(t,-t,) -F{i,)]-e->^^t, F((, -t^) 

and ij, <2 and are the times in minutes after pumping the 
radon to breaking the bulb, removing the radon and esti- 
mating the H2O2 produced. In these calculations it is 
assumed that the decay of short-lived RaC' (half life about 
10“® sec.) follows instantaneously after that of the parent 
RaC, and that the radiations from the long lived deposits 
RaD, etc., can be neglected. 

The solutions are, in addition to the a-rays, irradiated by 
the )S-particIes, and the energy contributed by these is about 
5-2 % of the a-energy. Assuming that the )3-radiation acts 
independently of the a-radiation, the amount of H2O2 
produced by the ^-radiation has been estimated from the 
experiments of Bonet-hlaury & Lefort (1950), due allowance 
being made for dose rate and the pH of the solution. 

In calculating the ionic yield, the energy expended per 
ion-pair was taken as 32-5 eV., leading to 1-92 x lO'’ ion- 
pairs per joule. 

The errors of the different parts of the experiment have 
been estimated and are shou-n in Table 1. The difference of 
the ionic yield with and -without the enzyme, when com- 
pared -with the estimated error of the difference was not 
significant. 

DISCUSSION 

The results show that the addition of the enzyme 
carboxypeptidase does not reduce the yield of HjOj 
formed by irradiation of water with a-particles. Thus 
the second hypothesis put forward in the introduc- 
tion as an explanation of the low a efficiency for 
inactivation of the enzyme must be discarded and 
the result is consistent -with the first hypothesis. 

It will be seen from Table 1 that an allowance of 
approximately 3 % has been made for the HjOj 
produced by the |3-radiation which accompanies the 


1952 

a-radiation. It is difficult to evaluate this correction 
with accuracy because of the complexity of various 
competing reactions. The a-radiation alone gives 
rise to a final HjOj concentration of around 
1000 pmole/1. which, according to Bonet-Maury & 
Lefort (1960), approaches the steady state concen- 
tration of HzOj resulting from the exposure of 
aerated water to X-radiation and which presum- 
ably is also comparable with the steady state con- 
centration resulting from exposure to |3-radiation. 

There is, therefore, some doubt as to whether the 
)S-radiation has augmented or decreased the HjOj 
concentration produced by the a-radiation in pure 
water. It is also clear that when the concentration 
of H2O2 is such that there is an approximate 
balance between its rate of production and rate of 
destruction by radicals formed by ^-radiation, the 
introduction of a solute, such as carboxypeptidase, 
may disturb the balance in either direction on 
account of differences of affinity for the different 
types of radicals. The slightly greater yield of 
hydrogen peroxide observed by irradiating a 
carboxypeptidase solution as compared with that 
obtained from irradiated pure water, could, there- 
fore, have arisen secondarily through the disturbing 
effect of the small amount of )S-ray energy accom- 
panying the a-radiation. As mentioned earlier in 
the text, however, the difference is not statistically 
significant. 

In conclusion we can say that the experiments 
reported here confirm the view suggested in the 
earlier publication (Dale et al. 1949) that the pro- 
duction of H202 by a-radiation takes place in the 
core of the track and that the small amount of 
inactivation of carboxypeptidase by a-radiation is 
due to the very low energy electrons or S-rays which 
branch off as spurs from the a-track. 

SUMjMARY 

Tire yield of hydrogen peroxide produced by the 
action of a-rays from radon on water and on a 0-1 % 
solution of the enzyme carboxj^eptidase have been 
compared and no significant difference found. This 
result confirms the view suggested in an earlier 
publication that the production of hydrogen 
peroxide by a-radiation takes place in the core of the 
track and that the small amount of inactivation of 
carboxypeptidase by a-radiation is due to the 8-rays 
which branch off as spurs from the a-track. 
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The isolation of the mould metabolic product, 
palitantin, Ci4H2204, obtained from Penicillium 
palitans Westling, was described by Birkinshaw & 
Raistrick (1936). The product was characterized as 
an aldehyde containing two hydroxyl groups and 
apparently possessing two double bonds. The func- 
tion of the fourth oxygen atom was not determined. 
Further derivatives and degradation products of 
palitantin have been prepared and are described in 
the present communication. 

In the earlier paper (Birkinshaw & Raistrick, 
1936) pa,litantin was described as optically in- 
active, since under the experimental conditions 
employed the rotation observed, + 0-01°, was re- 
garded as zero within the limits of experimental 
error. Some of the derivatives and breakdown 
products have now been found to show considerable 
optical activity. When palitantin was re-examined 
under more favourable conditions it was found to 
have a rotation of [*]«» + 4-4= (c, 0-8 in CHCI3). 

of periodate oxidation 

livd^S.Sf''!’- *®*'’ahydropalitantin, and tetra- 
establLorT^^^if^n’ following points have been 
SntSt„ ; and tetrahydropali- 

equivalent” potassium periodate using the 

(2) Two fcidic 

aldehwlo 7.'’® produced. (4) The 

tnchodasformicacid°?5rw^fn^”'^ 

acid, only ono n^- ’ ^ tetrahydropalitantic 
is produced but ^oidic group 

“wMs’ of a smple explano- 
'■ I»rt of a ring, “JJ^«|™pmg«p.l,t.„«„ 


+ HCOOH 


culos of periodic icid to H r ^ 

oulo of formic acid ^ ™°1®- 

• lotrahydropalitantic acid. 



in which the aldehyde group of tetrahydropalitantin 
has been oxidized to carboxyl, the starting material 
would be represented by form III which on 
oxidation with 1 molecule of periodic acid would 
pass to rV. 



COOH 


COOH 


III 


IV 


Since the C13 acid lactone from .tetrahydropali- 
tantin gives rise on nitric acid oxidation to a n- 
heptyl succinic acid, tetrahydropalitantin would 
appear to consist of a 6-carbon ring with two side 
chains, one being a CHO group and the other a n- 
heptyl chain. One double bond in palitantin must 
be situated yS to the terminal methyl group 
of the C, chain to account for the production of 
n-butyraldehyde on ozonolysis. The position of 
the second double bond, if present, is still obscure, 
likewise the function of the fourth oxygen atom 
which is presumably attached to a ring carbon 
atom. 

The examination of palitantin continues and it is 
hoped to discuss its constitution more fully in a later 
paper. 

The dextrorotatory acid which was obtained, 
together with palitantin, as a metabolic product of 
the type strain of Penicillium palitans (Birkinshaw 
& Raistrick, 1936, p. 803), has been further ex- 
amined. It crystallizes from water in colourless 
needles, m.p. 134-5°, [a]^tei + 82° (in CHCI3). It has 
the empmcal formula C34H30O4, titrates as a mono- 
basic acid and gives a reddish-purple colour with 
ferric chloride. Curtis, Hemming & Smith (1951) have 
recently isolated an antifungal metabolic product 
frequentm, frorn a strain of Penicillium freguentans 
Resiling^ which was also found to produce pali- 
tantm. From the published description frequentin 
appeared to be very similar to the acid product 
rom F- By a comparison of samples it has 

been established that the two products are in fact 
identical ; there was no depression of melting point on 
nn-xmg. The acidic product from P. plfuans is 
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tlierefore frequentin. Curtis & Duncanson (1952) 
have now sho^vn that frequentin and palitantin 
are closely related in structure. ' 

EXPERBIENTAL ' 

AH melting points are uncorrected. 

Properties of palitantin and its derivatives 

Specific rotatio?is. Birkinshaw & Raistrick (1936) stated 
that palitantin is optically inactive. This opinion was based 
on the fact that a solution of palitantin (0'1605 g.) in 
' CHCI3 (15 ml.) had an observed average rotation of +0'0l° 
(limits of five readings O-OO® to +0-02°) in a 10 cm. tube 
in the Hg green light (5461 A.) at 20°. This corresponds to 
= + 1'0°, which was considered to be \vithin the limits 
of experimental error. 

When it was subsequently observed that derivatives of 
palitantin have rela,tively high specific rotations, the 
specific rotation of palitantin was redetermined. A solution 
of palitantin in CHGI3 was exhaustively extracted with 
aqueous alkali to remove traces of frequentin (see p. 276). 
The purified CHCI3 solution was evaporated to dryness in 
vacuo, and the residual palitantin was crystallized a number 
of times from boiling water. A solution of the purified pali- 
tantin (0'3941 g.) in CHCl, (50 ml.) in a 40 cm. tube had an 
observed average rotation of 0- 14° (limits of seven readings 
■v0-13° to -i-O-lS®), corresponding to +4‘4°. 

The observed specific rotations of palitantin and some of 
its derivatives are recorded in Table 1. 


whole of the volatile acids had been removed in the 
distillate. The total volatile acid (10-23 ml. of 0-1 n) corre- 
.spends to TQ03 mol, of acetic, acid/mol. of palitantin, 
Tetrahydropaliiantin, Tetrahydropalitantin {0-2876 g.) 
on similar oxidation yielded 11-03 ml. 0-1n volatile acid, 
equivalent, to 0-989 mol. of acetic acid per mol. of tetra- 
hydropalitantin. 

Reaction of palitantic acid with sodium amalgam and 
of palitantin with maleic anhydride 
With sodium amalgam. Palitantic acid (1 g.) was treated 
with Na amalgam (2-5 % Na ; 100 g.) and water with vigorous 
stirring. The reaction was maintained about neutral by 
frequent additions of HjSOj . The solution was filtered whilst 
sh'ghtly alkaline and acidified. Crystals (0-8 g.) were ob- 
tained, which proved to be unchanged palitantic acid. The 
reduction was therefore continued using a further 400 g. of 
amalgam over a period of 2 days. Unchanged palitantic acid 
(0-65 g.) was again recovered, an almost quantitative 
recovery when allowance is made for the solubihty of 
palitantic acid. A further attempt to obtain reduction in 
acidic ethanol also failed. This renders unlikely the presence 
of a conjugated double bond or of a grouping capable of 
keto-enol tautomerism. 

Action of maleic anhydride on palitantin. A solution of 
palitantin (0-2 g.) and maleic anhydride (0-1 g.) in benzene 
(100 ml.) was refluxed for 1-5 hr. On cooling, crystals 
separated and were collected, washed -with benzene and 
dried, wt. 0-13 g., m.p. 164-165° not depressed on ad- 
mixture with palitantin. Hence palitantin does not appear 
to contain a conjugated double bond system. 


Table 1. Specific rotation of palitantin and its derivatives 


Substance 

Temper- 

ature 

(“) 

Solvent 

Palitantin 

23 

CHCI3 

Palitantin monophenyl- 

24 

Pyridine 

hydrazone 

Palitantin bis-n-bromo- 

24 

Ethanol 

benzoate 

Palitantic acid 

20 

Ethanol 

a-Hexahydropalitantin 

24 

Ethanol 

jS-Hexahydropalitantin 

24 

Ethanol 

Tetrahydropalitantic acid 

24 

Ethanol 

Tetrahydropalitantin 

23 

Ethanol 

bis-p-bromobenzoate 

Tetrahydropalitantin 

24 

Ethanol 


Vol. of 

Wt. of 

Length of 

Wswi 

solvent 

substance 

tube 

(ml.) 

(g-) 

(cm.) 

(°) 

50 

0-3941 

40 

+ 4-4 

1 

0-0088 

5 

microtube 

-93 

1 

0-0110 

5 

microtube 

-13 

1 

0-0100 

5 

microtube 

-74 

1 

0-0074 

5 

microtube 

-54 

1 

0-0108 

5 

microtube 

-72 

1 

0-0102 

5 

microtube 

-90 

25 

0-0666 

20 

- 2 

50 

0-5836 

40 

-43-1 


Carbon-methyl groups 

Palitantin. 1-19 and 1-18 mol. of acetic acid were pro- 
duced per mol. of palitantin in the Kuhn-Roth micromethod. 
(Estimations by Dr Roth.) 

A mixture of palitantin (0-2589 g.), CrOa (12 g.), 
KoCcjO, (3 g,), water (30ml.) and H3PO4 (sp.gr. 1-75, 20 ml.) 
was heated on a boiling-water bath under reflux for 3-5 hr. 
(Karrer, Helfenstein, Wehrli & Wettstein, 1930). A distinct 
smell of butyric acid was observed. The oxidation mixture, 
contained in a Claisen flask, was distilled in vacuo until the 


Derivatives of palitantin, 
tetrahydropalitantin and palitantic acid 

Monoiodopalitantin. 0-1 N Aqueous I2 solution 
ras added to a solution of palitantin (0-5 g.) m e 
25 ml.). The solution, from which crystals soon 
eparate, was held for 1 hr. initially at room temper 
nd finally in the refrigerator. The excess Ij was re 1 

itration with chilled 0-lN-Na2S2O3. 12,equiva en , 

-In, was absorbed, corresponding almost quantita i 
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the uptake of 2 atoms of I/mol. of paUtantin. The slightly 
yellow crystals (047 g.) were coUeoted, dried and reo^sm- 
lized from aqueous ethanol (2 vol. -water; 1 vol. ethanol). 
Beautiful long colourless silky needles (0-30 g.) of mono- 
iodopalitanlin separated, m.p. 136° (sharp, but decompoMg 
to a black liquid which froths up the melting pomt tube). 
(Found: C, 44-6, 44-6; H, 5-7, 5-7; I, 33-7, 334. 
requires: C, 44-2; H, 5-6; I, 334%.) Monoiodopalitantin is 
thus derived according to the equation 

CHH22O4 +12"^ "t HI. 

Monoiodopaliianiic acid. 0- In Aqueous Ij solution 
(20"0 ml.) was added to a solution of palitantic acid 
(0-0540 g.) in 0 - In aqueous NaOH (2-05 ml.), and the whole 

made up to a total volume of 50-0 ml. After 1 hr. the residual 
Ij was estimated by titration with 0-lN-Na2S2O3. Iodine 
equivalent to 1-95 atoms/mol. of palitantic acid was ab- 
sorbed. The titrated solution was acidified with 0-1 n-HC 1 
(2 ml.). After chilling, colourless needles (0-023 g.) of 
monoiodopalifaniic acid separated and were collected,^ 
washed and dried. Melting point 135-5°, darkening on 
melting, but not blackening or frothing as did monoiodo- 
palitantin. (Found: C, 42-1, 42-3; H, 5-5, 5-6; I, 31-8, 31-5. 
OhH 2 iOsI requires: C, 42-4; H, 5-3; I, 32-0%.) 

Palilantin monoxide. When palitantin is treated with a 
CHClj solution of camphoric acid peracid at room temper- 
ature (3-8 g. in 100 ml. CHCI3 solution as determined by 
thiosulphate titration— klilaa & Cliff, 1933), oxidation takes 
place corresponding roughly -(vith the oxidation of one 
double bond in 1 hr. and two double bonds in 20 hr. 

Palitantin (0-25 g.) was treated rvith an excess (25 ml.) of 
camphoric acid peracid solution in CHCI3 and held for 1 hr. at 
room temperature. The palitantin gradually dissolved and 
had completely dissolved in less than I hr. The mixture was 
then thoroughly extracted with aqueous NaHCOj. On 
removal of the solvent from the CHCI3 layer, a colourless 
solid remained wluoh was reorystaUized from ether (50 ml.). 
Palitantin monoxide was thus obtained as beautiful colour- 
less clusters of needles (0-03 g.),m.p. 144°. It is fairly readily 
soluble in water. (Found; C, 62-7, 62-9; H, 8-3, 8-3. Ci4H220i 
requires; C, 62-2; H, 8-2 %.) 

A solution of palitantin (1 g.) in 100 ml. of a CHCI3 
solution of camphoric acid peracid was held at room temper- 
ature for IS hr. The oxygen absorbed corresponded almost 
exactly to 2 atoms/mol. of palitantin. The oxidation product, 
isolated as described in the previous paragraph, proved to be 
mainly an uncrj-stallizable oil containing 0-06 g. of pali- 
tantin monoxide, m.p. 137°. (Found: C, 61-9, 61-8; H, 8-2, 
8-0%. Ci.HjjOj requires: C, 62-2; H, 8-2%.) 

Tctrahydropalitanfin bis-p-bromobenzoate. A mixture of 
tetrahydropalitantin (0-25 g.), p-bromobenzoyl chloride 
(0-8 g.) and pjTidino (5 ml.) was heated on a boiling-water 
bath for 10 min. Cr\-stals formed on cooling. Water was 
atldcd and decanted after a time. The residue was thoroughly 
extracted with aqueous NaHCOjand finally v,-ith water. The 
sticky rc.sitluo was boiled with ethanol (30 ml,) and the 
rcsldual crystals were separated and identified as bromo- 
bciiioic anhydride. By the cautious addition of water to the 
clhanolio mother liquors a sticky first crop of crystals was 
obtained which was rejected. The second crop was crystalline 
ami, after recrystallization from water, icirahydropaUtantin 
hf.p.hromobcnzoalc was obtained as colourless clusters of 
flattened needles, m.p. 94-5°. (Found; C, 53-9, 53-9; H, 5-2, 
.7-3; Br. 25-4. C.Jlj.OtBr. requires: C, 53-8; H, 5-2; Br! 

-. 76 °;,.) 
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Breakdomi products and their derivatives 

Hydrolysis of the dihydrazide G13H28O3N4 obtained by 
oxidation of tetrahydropalitantin with silver oxide 

A solution of the dihydrazide (Birkinshaw S Raistrick, 
1936, p. 807). (0-025 g., m.p. 190°) in ION-H3SO4 (6 ml.) was 
bofied under reflux for 0-5 hr. After oooflng, the hydro- 
lysate was diluted -with water (20 ml.) and thoroughly 
extracted -with ether. On removal of the solvent and 
thorough drying in vacuo, a syrup (0-0185 g.) remained arid 
showed no signs of crystallization. It was dissolved in 
ethanol (1 ml.) and titrated in the cold to phenolphthalein 
with O-lN-NaOH; 0-81 ml. of O-lN-NaOH were required, 
corresponding to an equivalent of 228. A mono-acid mono- 
lactone of the formula GjaHjjOj, titrating as a monobasic 
acid, requires 242. 

An excess (2-00 ml.) of O-lN-NaOH was now added and 
the whole was heated on the water bath for 1 hr. After 
cooling, 1-27 ml. of 0-lN-HCl was required to neutralize to 
phenolphthalein. Hence the additional alkali used in the 
hydrolysis =0-73 ml., giving a total amount of alkali used of 
0-81-1-0-73 ml. = l-54 ml. O-lN. This corresponds to a total 
equivalent of 120. CjjHjiOj, i.e. the mono-lactone of 
CijHjiOs, titrating as a dibasic acid requires an equivalent 
of 121. 


Oxidative fission of palitantic acid. Formation of n- 

buiyraldehyde 

With BAInOi. A solution of KMnOi (2 g.) in water 
(200 ml.) was added dropwise to a solution of palitantic acid 
(1 g.) in water (150 ml.) and N-NaOH (4 ml.). During the 
oxidation a brisk current of air was passed through the 
solution, and the issuing gas was scrubbed through bubblers 
containing Brady’s reagent (2:4-dinitrophenylbydrazine in 
2N-HC1). The resulting yellow precipitate was collected, 
dried and crystallized from methanol. Yellow needles, m.p. 
123-5°, not depressed on admixture with authentic n- 
butyraldebyde 2:4-dinitrophenylhydrazone, m.p. 123°. 
(Found: C, 47-4, 47-4; H, 4-9, 4-8; N, 21-8, 22-0. Calc, for 
GioHisOjNj-. C, 47-6; H, 4-8; N, 22-2%.) No other pure 
products could be isolated from the oxidation solution. 

Ozonolysis. Ozonized Oj was passed for about 7 hr. 
through a solution of palitantic acid (0-54 g.) in 0-1 N-NaOH 
(20 ml.) and water (40 ml.). The mixture was now heated to 
about 60° and a current of air was bubbled through it and 
then through Brady’s reagent. The resulting yellow pre- 
cipitate proved to be n-butyraldehyde 2:4-dinitrophenyl- 
hydrazone. 0-42 g. of impure palitantic acid was recovered 
from the ozonized solution. 


Oxidation of the lactonic acid from tetra- 

hydropalitantin with nitric acid. Formation of 
{ + )-n-heptylsuccinic acid 


The syrupy lactonic acid from tetrahydropalitantin 
(l-l g.; Birkinshaw & Raistrick, 1936, p. 807) was heated on 
the water bath -with a mLxture of cone. HNO3 (13 ml.) and 
water (9 ml.). The reaction was -vigorous at first, but gradu- 
aUy slackened and became negbgible after 3 hr. The mixture 
was evaporated on the water bath in an open dish to a 
s^p. A smell of fatty acids, butyric, hexanoic, etc,, was 
obse^ed. On cooling, a mass of crystals mixed u-ith oil was 
obtemed, wt. 0-90 g. This mass was treated -with a little 
water, well stirred and filtered. The filtrate, which consisted 
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of an aqueous solution with drops of oil suspended in it, 
contained much oxalic acid. 

The solid (wt. 0-44 g. ; m.p. 39^2°) was sho^vn by titration 
to contain a little unchanged lactonic acid. This was re- 
moved by repeated solution of the crystals in the titratable 
amount of K-NaOH followed by acidification wth HCl. The 
final product, having a titration equivalent of 111 , was 
reeiystallized from ether (1 vol.) followed by the addition of 
light petroleum (b.p. 40-60°; 10 vol.). The oxidation pro- 
duct was thus obtained as colourless slender rods, m.p. 
82-84°, not depressed on admixture with synthetic (±)-»- 
heptylsuccinic acid, m.p. 86 ° (see next section). (Found: 
C, 61-1, 61-1; H, 9-0, 9'3; equivalent by titration 108-7. 
Calc, for CjiH 2 q 04 ; C, 61-1 ; H, 9-3%; equivalent, titrating 
as a dioarhojgrlic acid, 108-1.) [a]gSfii= -t-33° (c, 0 97 in 
ethanol). 

Optically active ( +)''n-Jieplylsuccinic acid dikyirazide. The 
oxidation acid (0-2 g.) was esterified with diazomethane and 
treated with a solution of hydrazine hydrate (50 % ; 0-5 ml.) 
in ethanol (1 ml.). The crystals which appeared overnight 
were recrystallized from ethanol-ether and were obtained as 
colourless needles, m.p. 166°. (Found by I.C.I. Butterwick 
Research Laboratories; C, 53'8, 54-0; H, 9-9, 9-8; N, 22‘3, 
22 - 0 . CuHjiOjN* requires C, 64-1 ; H, 0-9; N, 22-9 %.) 

Synthesis of {± )-n-heptylsuccinic acid 

Ethyl 2-bromononanoate (a-bromopelargonate) was 
condensed with ethyl sodiomalonate, and the resulting 
triester was hydrolysed and heated to eliminate one carboxyl 
group. 

Freparation of ethyl 2-bromononanoale (Auwers & Bern- 
hard!, 1891). Bromine (10 ml.) was added drop by drop to a 
mixture of nonanoic acid (15-8 g.) and red P (1-04 g.). The 
mixture was gradually warmed to 90-100° and more Br 


( ± )-n-Heptylsuccinic acid was thus obtained as colourless 
regular prisms, m.p. 86 °; equivalent by titration 110 . 
(Found hy 1,0.1, Butterwick Besearch Laboratories: C 
61 -O, 61-0; H, 9-0, 9-2. C|iHja 04 requires C, 6 M; H, 9-3%’ 
equivalent 113.) 

(±)-n-Seplylsuccin!c acid dihydraztde. This dihydrazide 
was prepared in the same way as was the dihydrazide of the 
oxidation product ( -t )-'n-heptylsuccinic acid (see above). It 
formed colourless needles, m.p. 156°. Although there was 
a difference of 10 ° in melting point between the synthetic 
( ± ) and the natural dihydrazides, there was no depression in 
melting point on mixing them. 

Feactiofis with periodate 

Action of periodate on tetrahydropalitantin ■ 

Oxygen utilization. Tetrahydropalitantin (0-0403 g.) 
dissolved in water (100 ml.) by warming and subsequent 
cooling was treated with KIO 4 (50 ml. of 0-0125 m) and left 
overnight. Excess HJSO 4 and KI were then added and the I 2 
liberated was titrated with O-OSx-NajS^Oa. The deficit as 
compared with a blank experiment was 6-24 ml. of 0-1 x, 
equi';-alent to a disappearance of four atoms I or utilization 
of two atoms 0 /mol. of tetrahydropalitantin. 

Acidic groups formed. The experiment was repeated with 
0-1616 g. of tetrahydropalitantin using the theoretical 
amount (100 ml.) of KIO4 (0-0125 m), in order to determine 
the acid and carbonyl groups present after the reaction. 
After standing overnight, the solution required 11-54 ml. of 
O-lx-NaOH for neutralization to phenolphthalein. The 
theoretical figure for 2 equivalents of acid produced in the 
reaction would be 12-50 ml. The actual figure obtained was 
always somewhat lower, doubtless owdng to lactone forma- 
tion. 


(2 ml.) was added. When the evolution of HBr had practic- 
ally ceased (4-5 hr.) the mixture was cooled and ethanol 
(30 ml.) was added with cooling. Next day the ethyl a- 
bromopelargonate was extracted with ether and the 
ethereal solution was washed -with water and aqueous 
Na^COg, dried over Na 2 S 04 and distilled in vacuo. The ester 
(22-45 g.) was collected at 135-142°/16 mm. 

Condensation of ethyl 2-bromononanoate with malonic 
ester and hydrolysis of the resulting triester. Na (1-96 g.) 
was dissolved in ethanol (27 ml.) and malonic ester 
(13-6 g. = 11-8 ml.) was added. The mixture -was warmed 
slightly and ethyl 2-bromononanoate (22-4 g.) was added, 
and the whole was refluxed for 2 hr. The residting ester was 
extracted in the usual manner and distilled in vacuo. Yield 
21-7 g.; b.p. 153°/1 mm. 

The ester (2 g.) was heated w-ith KOH (5 g.) and water 
(3 ml.) in a nickel crucible -with constant stirring, the 
■temperature of the metal bath being raised to 300° as rapidly 
as frothing would permit. The melt was cooled, dissolved in 
water and acidified -(vith HCl. Colourless plates (1-27 g.) 
separated, m.p, 126-128°. 

Decarboxylation of the tricarboxylic acid. The above acid, 
m.p. 126-128°, was heated in an oil bath when decarboxyla- 
tion occurred at the melting point (bath temp. 135—140°). 
After about 10 min. effervescence had practically ceased. 
The product which crystallized on cooling was neutralized 
with aqueous N-NaOH, filtered and acidified -udth HCl. The 
resulting emulsion soon crystallized. The crystals were 
collected, dried and reeiystallized from ether-light petro- 
leum. 


Aldehyde titration 

By Docuvre's method (Doeuvre, 1927). To the neutralized 
solution was added mercury potassium iodide (3 g.) in a 
little water with just sufficient KI to obtain complete solu- 
tion, followed by NaOH (40 ml; of O-lx). A yellow precipi- 
tate was formed in the solution. After 3 hr., titration with 
O-lu-acetic acid containing equimolar sodium acetate 
showed the disappearance of 16-05 ml. of alkali. The alde- 
hyde present is equivalent to 6-35 ml. ( = J of 16-05), whereas 
the theoretical value for 1 CHO =:6-25 ml. 

By bisulphite titration (Malaprade (1934) method). The 
periodate oxidation was repeated (0-1616 g. of tetrahydro- 
paUtantin; 100 mi. of 0-0I25M-KIO4). 11-20 ml. of 0-1 y- 
NaOH were required for neutralization of the acid produced 
in the reaction. Bisulphite (30 ml. about 0-2 m) was then 
added, the solution was left for 1 hr. -with exclusion of air, 
and was then titrated. It required 15-90 ml. of 0-05«- 
iodate. The bisulphite taken -n-as equivalent (by titration) to 
45-04 ml. of 0-05ii-iodate, the difference being 29-14 ml. Of 
this 25-00 ml. would be derived fi-om the periodate. The 
iodate corresponding -with aldehyde is, therefore, 4'14 ml. 
whereas 1 CHO group would require 4-17 ml. 

By hydroxylamine titration (Schultes, 1934), The same 
method of oxidation was followed and the same quantities 
used, but after removal of the iodate with H.SOj and KI and 
titration of the liberated Ij -with thiosulphate, the solution 
was neutralized to bromophenol blue, and a solution o 
about 1 g. of NHjOH, HClneutraUzed to the same end point 
was added. The mixture immediately became acid and was 
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titrated from time to time with 0-lT5-l?aOH -ontii per- 
manent neutrality (to the same end point) was reached. Ihe 
alkali used was 6-7 ml., whereas 1 CHO group requires 

6'25 ml. ,, , ,. 

There is ample evidence to show the production. 

(or persistence) of 1 CEO group on periodate oxida- 

Production of lactone group. The production of a lactone 
group is shown more clearly in the following experiment. 

Tetrahydropahtantin (0'25 g.) in 25 ml. of methanol was 
treated ivith KIOi (0-5 g.) in water (125 ml.). A turbidity 
appeared in 6-10 min. which gradually increased. After 
standing overnight the mixture was titrated to phenol- 
phthalein. It used 16-8 ml. of O-lN-NaOH to the first pink 
flush, but required 6-6 hr. to reach a permanent end point, 
when 20-5 ml. of NaOH had been utilized, the theoretical 
figure for 2 equiv. of acid produced being 19-4 ml. After 
standing overnight a further 0-30 ml. of O'lK alkah was 
required. 

Characterization of the periodate oxidation product of 
tclrahjdropalitantin. The product obtained by the oxidation 
of tetrahydropahtantin (0-25 g.) with KIO4 (0-5 g.) was 
extracted with ether, suspended in water (100 ml.) and 
treated with Doeuvre’s reagent (0-45 g. of Hglj, 2 g, of Klin 
n little water). Then s-NaOH (10 ml.) was introduced, the 
mixture was well shaken and left overnight. The precipi- 
tated Eg was filtered off and the solution titrated. It 
requited 6-40 ml. of S-HCl; the acid produced in the reaction 
is therefore 3-60 ml. (1 CEO group requires 3-88 ml.). The 
solution was now acidified with HCl and extracted ivith 
ether. The ether extract was esterified by means of diazo- 
methano. The resulting oil (which contained a little Eg 
salt) was treated with ethanol (2 ml.) and hydrazine 
hydrate (50%, 1 ml,). The solid mass of crystals obtained 
(0-17 g.) was drained at the pump, and recrystallized 
from ethanol gmng 0-12 g. of pure product of m.p. 190°, 

This gave no depression when mixed nith the product 
CjjKjgOjN, obtained previously by the oxidation of tetra- 
hydropalitantin ivith AgjO (Birkinshaw & Raistrick, 1936, 

р. 807). 

In a larger scale experiment tetrahydropahtantin 
(1"013 g.) was oxidized by KIOj (2-875 g.) and the aldehydic 
product further oxidized with Doeui-re’s reagent as above. 

In this case the mercury precipitated was weighed and acid 
produced in the Docuvro reaction was determined (Eg 1-23 g, 

1 CEO requires 1-25 g.; acid formed 17-9 ml. 1 CKO 
requires 18-75 ml.). 

The solution was acidified to Congo red with HjSOj and 

с. xtrncted with CECl, (4x2 1.). After removal of solvent in 
meuo the residue (1-22 g.) was taken up in ether, filtered 
from a small amount of Kgli, taken up by the CECl, and 
esterified by me.ans of diazomethane. The product, distilled 
in i-ncuo afforded 0-84 g. of distillate b.p. 17573 mm. with 
methoxyl content 12-6%. C^H^O, requires (for 1 OMe) 

12-1 %. Tliis represents the monomethvl ester of the lactone 
acid. 

Tlic distillate (0-79 g.) was treated with phenylliydrazine 
(0-.) g.) in etlianol (2 ml.) and heated under reflux for 2 hr. 

The product i\ as treated with ether and the solvent allowed 
to evaporate slowly. A small amount of crj-stals was ob- 
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Action of periodate, on palitantin 
Ralitantin (0-0594 g.) in ethanol (25 ml.) was treated with 
KIO4 (0-0125 at; 100 nil.) and H^SO^ (2 n; 10 ml.). After 
20 hr. at room temperature excess KI was added and the Ij 
was titrated with O-ln-NajSjOa. The Ij deficit as compared 
with a blank was 13-03 ml. 0-1 k corresponding with 5-74 
atoms I/mol. of palitantin. Part of the Ij uptake is due to I^ 
substitution, which is a characteristic property of palitantin 
and presumably of the fission product. 

When the theoretical amount of KIO4 for an uptake of 
4 I atoms (=20) was used and there was no subsequent 
liberation of free Ij the results were similar to those obtained 
with tetrahydropahtantin. 

Evidence of lactoneforrmiion. Palitantin (I g.) in methanol 
(100 ml.) treated with KIO4 (2 g.) in water (600 ml.) re- 
mained clear. After 24 hr. it required 6-4 ml. of N-NaOE to 
the first pink flush of phenolphthalein gradually increasing 
to 7-95 ml. over 3 hr. The theoretical value for 2 equivalents 
of acid produced is 7-87 ml. This is again evidence for one 
product being a lactone. 

Aldehyde production. The reaction mixture was acidified 
with 10 ml. of 2 n-EjS 04 and extracted with ether. The oUy 
residue obtained on evaporation of the ether was suspended 
in water (about 200 ml.) and neutralized to bromophenol 
blue. After addition of a solution of NEjOH.HCl (2 g.) at 
the same pH the solution was titrated at intervals until a 
permanent end point was reached, matching to the same 
arbitrary standard. The NaOH required was 3-4 ml., the 
theoretical amount for 1 aldehyde group being 3-88 ml. 
Practically aU the emulsion dissolved leaving only a trace 
of tmrbidity. 

Oxidation of aldehyde group and characterization of product. 
The product from the KIO4 (2 g.) oxidation of palitantin 
(1 g.) was extracted -with ether after acidifying. The residual 
syrup after removal of ether was oxidized with Doeuvre’s 
reagent. Barimn acetate was added and the oxidation 
product was precipitated as the barium salt by addition of 
4 vol. of ethanol. Th^ Ba precipitate was collected, sus- 
pended in water, acidified -with HCl and the acid product 
extracted with ether. The product was then esterified by 
means of diazomethane and treated with ethanol (4 ml.) and 
hydrazine hydrate (50%; 2 ml.). The crystals obtained 
(0-47 g.; m.p. 202-204°) showed no depression when mixed 
with the dihydrazide CijH^jOjNj obtained by oxidation of 
palitantin with AgjO as previously described (Birkinshaw 
& Raistrick, 1936). 

Action of periodate on tetrahydropalitantic acid 
Utilization of oxygen. Tetrahydropalitantic acid (0-0857 g.) 
suspended in water (25 ml.) was neutralized to phenol- 
phthalein to bring it into solution and treated -with KIO4 
(0-0125 Ji; 50 ml.) and left overnight. Excess of H,S04 and 
KI were then added and the liberated Ij was titrated with 
KajSiO,. The deficiency of Ij was 6-44 ml. of 0-lN as com- 
pared with a blank, corresponding with a utilization of 
2-06 atoms of I ( =1-03 atoms of 0). 

Determination of acid and carbonyl groups. Tetrahydro- 
pahtantic acid (0-1713 g.) was dissolved in the theoretical 

tain,Hl.m.p.l92%r.A.edonmcrj-staIliza\i;nto2V^^^^^ 5™\ f thJthfn (0-0125 m; 

C, 67-8; H. S-2: X. 12-8. C.ai.^OAh requires C H theoretical amount) was added. After2days 

8-2; X. 12-7%. The product h evidenUv Cio ’tH’3: I tS i ^ O.'l to neutralize to phenol- 

phthalem. i.c no acid is formed in the reaction. To the 
titrated solution were added (0-1 s; 50 ml.) and 


, , . , , , - , product is evidently tlie bisphenuU 

IyIra:idcotthcErtomcacidC„lI.j04 


18-2 
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excess KI. Titration rvitli NajSjOj showed a deficiency of 
12-48 ml. of O-lN-Ij corresponding with 2 atoms of I 
(theoretical 12-50 ml.). The solution was then treated with 
bromophenol blue and brought to an arbitrary end point 
(faint purple colour) -nith NaOH. NH^OH, HCl (1 g. in 
10 ml, of water) neutrahzed to the same end point was 
added. After 2 hr. the alkali required to estahhsh the same 
end point was 11-5 ml. of 0-1 N-NaOH. The theoretical value 
for two aldehyde groups is 12-5 ml. Thus two carbonyl 
groups are produced in the reaction, provided no such groups 
titratahle with NHjOH are present in the original tetra- 
hydropahtantic acid. The absence of such groups was shown 
by the addition of the NHjOH reagent to another sample of 
the acid. No acidity was produced. 

Isolation offrequentin 

The crude crystalline product (11-76 g.) obtained by CHCI3 
extraction of the culture solution from two batches of P. 
palitans type strain (Birkinshaw & Eaistrick, 1936) was 
dissolved in CHCI3 (500 ml.) and 100 ml. of water were 
added. ir-NaOH was added dropwise with vigorous shaking 
until the aqueous layer was just alkaline to phenolphthalein. 
This required 11-5 ml. of N-NaOH. The aqueous layer was 
separated and acidified with n-HCI (12 ml.). The oil pre- 
cipitated solidified on chUling and was crude frequentin, 
wt. 2-52 g. A small amount was recovered from the mother 
liquor. 

Frequentin was difficult to recrystaUize as it decomposed 
on heating for any length of time. It was purified for 
analysis by recrystaUizing in small amounts from boiling 
water, with addition of decolorizing charcoal. Frequentin 
crystallized in colourless needles, m.p. 134-5° (deoomp.), 
[a]5J6i + 82° in CHCI3. On microtitration 10-260 mg. 
required 2-80 ml. N/70-NaOH, equiv. 257. (Found: C, 66-0, 
66-0, 66-5, 66-4; H, 7-7, 7-8, 8-2, 8-2. Calc, for CnHjoOi: C, 
66-6; H, 8-0%, equiv. 252.) Frequentin gives a reddish 
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purple colour with FeClj in aqueous or alcoholic solution and 
yields a precipitate -with Brady’s reagent. 

A comparison of our product obtained from P. palitans 
Westling with frequentin obtained from P. frequenfans 
(Curtis et al. 1951), kindly carried out by hlr P. J. Curtis, 
indicated that the two products were identical since there 
was no depression in melting point on mixing. 

SUMMARY 

1. A number of derivatives and breakdown pro- 
ducts of palitantin have been prepared and are 
described. 

2. Palitantin, contrary to the previous statement 
(Birkinshaw & Raistrick, 1936), has a slight but 
definite optieal activity. 

3. The oxidation of palitantin and its derivatives 
with periodate has been studied in a quantitative 
manner. 

4. Tetrahydropahtantin probably consists of a 
6-carbon ring with a n-heptyl and a formyl group as 
substituents and with hydroxyl groups situated a 
and j8 to the formyl group. In palitantin one double 
bond is in the 0, chain in the y position to the 
terminal methyl group. The function of the fourth 
oxygen atom and position of the second double bond 
(if present) are still obscure. 

6. The acidic substance which accompanies 
palitantin as a metabolic product of Penicillium 
palitans is identical with frequentin isolated from 
Penicillium frequentans by Curtis et al. (1951). 

I have to thank the Butterwick Research Lahoratories of 
I.G.I. Ltd. for the elementary analyses of two products. 
Other micro-analyses are by WeUer and Strauss, Oxford. 
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A Structural Relationship between Frequentin and Palitantin 


By P. j. CURTIS and L. A. DUNCANSON 
Imperial Chemical Industries Ltd., Butterwich Research Lahoratories, W eluyynj Herts 

{Received 19 October 1951) 


Birkinshaw & Raistrick (1936), in describing the 
isolation of palitantin (C14H22O4) from Penicillium 
palitans, mention the occurrence of a dextrorotatory 
acid in concentrates from oiie strain. Curtis, 
Hemming & Smith (1951) isolated a substance 
named frequentin (C14H20O4) together with pali- 
tantin from certain atjqsical stra^ins of Penicillium 
frequentans. Subsequently it was\pointed out to us 


by Dr J. H. Birkinshaw (cf. Birkinshaw, 1952, 
preceding paper) that the dextro-rotatory acid was 
very probably identical -with frequentin, and we 
have established this by a mixed melting point 
determination and by comparing the infrared 
spectra of the two substances. 

In common with paUtantin, frequentin has an 
aldehyde group, an ethylenic double bond or bonds 
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and tliree active hydrogens, but is distinguished 
from it by the presence of an cnolic hydroxyl. This 
paper presents evidence that the carbon shclotoirs 
and the positions of the oxj'gon atoms are identical. 

Seduction of Jrcqiicnlin and paUta7itin 

Erequentin -was reduced by sodium amalgam 
in acid solution giving a totrahydro-dcrivativo 
(CuHjiO^), m.p. 170-171°, which no_ longer con- 
tained a formyl group, or an onolic hydroxyl. 
Palitantin was also reduced by sodium amalgam 
giving diliydropalitantin (CjiHjjO^), m.p, 169°. No 
depression of melting point occurred on mixing 
these reduction products. 

Infrared spectra of palitantin, frequentin 
and dihydropalitantin 

Tlie spectra of dihydropalitantin and the totra- 
hydro -derivative of frequentin are the same in all 
respects. Hence these two substances are identical, 
and it follows that palitantin and frequentin have 
the same carbon skeleton and that their oxj'gon 
atoms are in corresponding positions. 
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Fig. 1. infrared absorption spectra. A, feequentin; 

S, palitantin; G, dihydropalitantin. 

inie absorption curves, from 750 to 1750 cm -i of 
frequentm, palitantin and dihydropaUtantin are 

modes ocom m the 6p. (1600 cm.-i) region; thus ^ 
dihydropahtantm has no band in this region. 


carbonvl grouj)s are absent. Ircqvmntin has an 
absorption band at 1732 cm.-' with n slighl shouldor 
at about 1720 cm."', whilst pnlitnnl in has a band at 
1718 cm.-'. Tins confirms that thortj are at loiwl. 1 \vo 
carbonyl groups in frequentin, and at hurst one in 
palitantin. The fact, that these frequencies arc above 
1710 cm.-', together with chemical ovidonco, 
indicates that unless tho carbonyl groups form part, 
ofa St rained ring, they aro not conjugated with other 
double botids. 

There are quite strong similarities boLwccir the 
spectra of tho three comi)ounds, some bands being 
Iraceablo through them all with only slight modifica- 
tions of their frequencies. As would bo expected, in 
tho region 1000-1200 cm.-' marked difTorencos 
appear. Inthisrogionabsorptionsduo to vibrational 

modes involving deformation of alcoholic O — H 
groups occur, and whilst threo fairly strong bands 
aro present in all threo spectra (i.o, near 1000 cm.-*, 
near 1030 cm.-' and near ll-lO cm.-'), variations in 
this frequency range are apparent. 

Tho 3 p. (3300 cm.-') regions in which C — H and 
O — stretching frequencies occur are not .shown in 
tho diagram, but bands duo to alcoholic hydroxyl 
groups occuratthofollowing froquoncies : frequentin, 
3420cm."*; palitantin, 3370cm."'; dihydropali- 
tantin, 3350 cm."'. 

EXPERBIENTAL 

Impure samples of frequentin and palitantin were freed from 
each other by virtue of tho fact that frequentin alone is 
extracted from CHCI3 solution by NujCOj solution. 

Seduction of frequentin. Frequentin (250 mg.) was dis- 
solved in hot water (600 ml.), and, after cooling, 25 g. 
KH5PO4 were added, then 100 g. of 2-5% Na amalgam in 
about thirty portions during 2 hr. Tho mixture was ex- 
tracted threo times with 200 ml. CHCl,, and tho e.xtraots 
after shaking with x-NajCOj solution saturated with XaCl 
were combined and concentrated giving colourless plates 
(35 mg.) m.p. 164-105°. One rccrystallization raised tho 
melting point to 170-171°, but no change was obsoired on 
further rccrystallization. (Found C, 65-3 ; H, 9-4; mol.wt. 
283. CiiHsjO, requires C, 65-6; H, 9-4 % ; mol. wt., 250.) The 
compound did not reduce ammoniacal Ag.O nor did it give 
a colour with FeCHj. It decolorized a solution of Br, in 
glacial acetic acid. 

Seduction of palitantin. Palitantin (500 mg.) was dis- 
solved in ethanol (50 ml.) and 2-5% No amalgam (100 g.) 
mth a slight excess of x-H-SOj was added in ten portions 
dunng 6 hr. After standing 1 hr. tho mixture was boiled and 

thentreatedsimilarlytothatfromfrequentin.yieldlSlmc 

C ’ ^ requires 

V,, Uo-b; H, 9-4 %.) Eeorystallization from water or CHCl, 
was unsatisfactory. A sample (m.p. 165°) on admi.xture 
mth a sample of the tetrahydro derivative of frequentin 
r TP’ ^'*rifi«'*«on by fractional 

e^motzon between CHa, and water gave a solid, m.p. 
OxiMion of diliydropalitantin. The reduction product was 

foundtoox.dizeslowlyinairatroomtemperature.and^r 
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several weeks a smell like that of butyric acid was noticed. 
The samples prepared for analysis in the above work were 
therefore kept in vacuo or in Nj. 

Infrared spectra 

Measurements were made with a modified Hilger D. 209 
spectrometer, fitted with a rock-salt prism and working as 
a single beam instrument. Absorption due to atmospheric 
water vapour was minimized by enclosing the instrument in 
an air-tight Perspex box through which dry air was circu- 
lated. The samples were ground to fine powders which were 
moistened with Nujol, the resulting mulls being held as thin 
films between rock-salt plates for examination. 

The intensity of the radiation incident on the samples was 
determined in the usual way by replacing the samples with 
two rock-salt plates of the same thickness as those used for 
supporting the mulls. Absorption curves were then drawn 
(see Fig. 1), the gaps in which are due to regions of Nujol 
absorption. For calibration of the spectrometer, hydro- 


1952 

carbon bands of known frequency were used in conjunction 
with bands due to CO 2 and a small amount of water vapour 
present in the instrument. Frequencies below 1750 cm.-i 
are accurate to ±3 cm.“i, and in the 3300 cm.-^ region to 
±10 cm.~^. 

SUMMARY 

The mould metabolites frequentin (Ci 4 H 2 i, 04 ) and 
palitantin (C 14 H 22 O 4 ) obtained from Penicillwm 
palitans and some atypical strains of Penicillium 
frequentans both give dihydropalitantin (C 14 H 24 O 4 ) 
on reduction with sodium amalgam. Hence the 
carbon skeletons and positions of the oxygen atoms 
in the two metabolites are identical. 

We are indebted to Mr J. F. Grove for valuable advice, to 
Dr J. H. Birkinshaw for a sample of the dextrorotatory acid, 
and to the Directors of I.C.I. Ltd. (Plastics Division) and 
Mr H. A. Willis for spectrographic facilities. 
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Oxidation of Pyruvic Acid Oxime by Soil Organisms 

By j. H. QUASTEL, P. G. SCHOLEFIELD and J. W. STEVENSON 
Research Institute, Montreal General Hospital, Montreal, and Department of Bacteriology 
and Immunology, McGill University, Montreal 

{Received 13 June 1951) 


The possibility that hydroxylamine might be an 
intermediate in the oxidation of ammonia to nitrite 
by Nitrosomonas has often been discussed. There 
has been, however, no direct evidence to confirm 
this view and, indeed, hydroxylamine is well Icnown 
to be toxic in low concentrations to these and many 
other organisms. Recently, Lees & Quastel (1946), 
working on the hypothesis that the hydroxylamine 
formed might be bound as an oxime, reported that 
the perfusion of an equimolar mixture of sodium 
pyruvate and hydroxylamine over a soil enriched 
with nitrifying organisms through previous per- 
fusions of ammonium chloride, resulted in the for- 
mation of nitrate. They suggested that the equi- 
librium of the reaction between sodium pyruvate and 
hydroxjdamine might be such that only a very low 
concentration of free hydroxylamine was present at 
anj>^ instant. Tliis 

CH 3 . CO . COONa ± NH 2 OH 

vi CH 3 . C:(N . OH) . COONa + HoO 

concentration might be sufficiently low to allow 
oxidation of the free hydroxylamine and yet 


eliminate its toxic effects. Subsequently, Quastel & 
Scholefield (1949) were able to show that neither 
Nitrosomonas nor Nitrobacter was responsible for 
oxidation of pyruvic acid oxime (hereafter called 
pyruvic-oxime) and predicted the existence of a 
separate enzymic mechanism. The responsible 
organisms have been isolated, and a preliminary 
account of them’hasbeen reported (Quastel, Schole- 
field & Stevenson, 1950). Thepresent communication 
gives a more detailed account of these organisms 
and of the metabolism of pyruvic-oxime by one of 
them. Jensen (1951) has since reported the isolation 
of other organisms capable of producing nitrite 
from pyruvic-oxime. 

METHODS 

Preparation of materials. The preparation of the soil used 
in these experiments, the general methods and the estima- 
tions used in soil perfusion have already been fully describe 
(Lees & Quastel, 1946; Quastel & Scholefield, 1949, 1951). 
A local soil was used throughout the present experiments 
work. „ 

D-Arabinose-oxime was kindly supplied to us by r 
S. B. Baker, of this Institute, and formaldoxime, sahey - 
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ixldosime, toil dioximc and benzoin oxime y ere Analav 
reagents. The oximes of acetone and ncetoaee .0 ester were 
not isolated, a mLxturo of 1-1 moles of the ketone with 10 
mole of hydroxylamine being used for the perfusion ex- 

crimes of the sodium salts of pyruvic, oxalacelic, a- 
ketoglutario and phcnylpynivio acids rvcrc prepared as 
foUo^: hydroxylamine liydrocbloriao (l-O mole) bbe 
free acid (1-1 moles) n-oro mixed togothcr and a little 
KaHCOjivas added. The mixture n-as kept ns a thick paste 
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nnd nrabinoso oxinio, <1<. not. yield npprodnblo 
qiinntitic.s of nit rite in .1 period of 0 woolm. Cl. ornto 
i oil nneoti in inhibit tho further oxidation 


m ncldod in nil cimes to inhibit, tho further oxidnt ion 
of nilrito (Leas A', QunHtol, mr,). Ropre.sentnt.vo 
results nro given in Table I. It will bo note, from 
this tnblo that tho oximes of oxaloacet ic, photiyi- 
p\muvic and a-kotoglntaric acids do not inhibit 
markedly (if at all) the oxidation of iiyrnyic-oximo 
in soil. Similnrily, D-nrnhino.so oxime, whikst itself 


Table 1. Nitrile acemmdation after verfusion of oximes through a soil 
(^g. Nitrite N aecumulating per ml. perfusate after perfusion of various o.ximes (O Ol.v) through soil in tho presence of 


Time in hr. 

O'Ol M-Pyruvic-oxime 

O-OlM-Arabinose oxime 
O-OlM-Arabinose oxime + O'Ol m- 
pyruvic-oxime 

O'OlM-a-Ketoglutario acid oxime 
0'OlM-a-K.etoglutario acid oxime + 
O'Ol M-pyruvic-oxime 
O'Ol M-Oxaloacetic acid oxime 

O'OlM-Oxaloaoetio acid oxime + 
O'Ol M-pyruvio-oxime 
O'OlM-Phenylpyruvic acid oxime 

O'OlM-Phenylpyruvic acid oxime + 
O-OlM-pyruvic-oxime 
O-OlM-Salicylaldoxime 
O'OlM-Puril dioxime 


Exp. 1 
Exp. 3 
Exp. 3 

Exp. 1 
Exp. 2 
Exp. 3 
Exp. 1 
Exp. 1 

Exp. 2 
Exp. 2 

Exp. 3 
Exp. 3 

Exp. 1 
Exp. 1 

Exp. 3 
E.xp. 3 


42 

43 

70 

CO 

91 

91 

114 

115 

139 

138 

300 

48 

6 

113 

10 

113 

105 

no 

107 

IM 

no 

109 

4 


9 


9 


n 


10 



52 

11 

112 

20 

109 

89 

111 

KM 

in 

109 



3 


30 


103 


189 


200 

98 











203 

1 


22 


40 


58 


02 



57 


132 


150 


1.54 


153 




by the addition of small quantities of ivater as needed. 
Further NaHCOjiras added until no more CO 2 rvas evolved 
and then sufficient water rvas added to bring the paste into 
solution at the boiling point in the presence of a slight excess 
of the alkali. On cooling, the solution deposited crystals of 
the sodium salts of the oximes of these a-ketoacids and it 
rvas in this form that they rvere used. The o.rirae of sodium 
pyruvate rvas generally reorystallized from boiling water to 
remove the brown colour normally associated with the 
pyrurdc acid used. The samples of pyruvio-orime used in 
this rvork contained no free pyruvate as estimated by yeast 
carboxylase and no free hydroxylamine as estimated by 
MnOj (Mann & Quastel, 1946). a-Ketobutyric acid o.vime 
was prepared by Dr L. Martin of this Institute. 

RESULTS 

Perfusion of oximes through soil 

The first oxime rvhich rvas found to undergo meta- 
bolism in soil rvas pyruvic-oxime (Lees & Quastel, 
1946 ; Quastel & Scholefield, 1949). It-waslatereho-wn 
that oxaloacetic acid oxime suffers a similar break- 
down (Quastel ct al. 1950). To these must now be 
added phenylpyruvic acid oxime and a-ketoglutaric 
acid oxime, whilst salicylaldoxime, furil dioxime 


yielding little nitrite, in no rvny impedes tho oxida- 
tion of pyruvic-oxime. Ro-porfusion of arabinoso 
oxime yielded no nitrite in 4 days. Tlio stability' of 
other sugar oximes in soil is now under consideration. 
Wliilsb only a dozen oximes liavo been studied to 
date, it seems likely that only those of tho a-koto- 
acids are able to undergo nitrification in soil. 
A preliminary experiment has also shorvn that tho 
hydrazones, unlike tho oximes of these acids, nro not 
nitrified. 

The oximes of acetone, formaldehyde, acotoacotic 
ester and benzoin are relatively inactive as nitrite 
formers in soil and do not inhibit the oxidation of 
pyruvic-oxime. It has also been found that disodiura 
succinohydroxamate (prepared in this Institute by 
Dr L. Martin) does not inliibit this oxidation. 

Certain antibiotics have been tested as possible 
inhibitors of pyruvic-oxime oxidation in soil. It has 
been found that penicillin and streptomycin are 
relatively inert. Thus, at a concentration of 0-01 % 
they produce only half a day’s lag period -ndth 
pyruvic-oxime as substrate. Chloromycetin pro- 
duces a lag period varying from half a day at a con- 
centration of 0-001 % to 6 days at 0-05 %. 


280 J. H. QUASTEL, P. G. SCHOLEPIELD AND J. W. STEVENSON 


The values for the lag periods are obtained by 
finding the difference between the times required to 
reach the asymptotic nitrite value in the presence 
and absence of the inhibitor. It is of interest to note 
that, at a concentration of 0-025%, Chloromycetin 
entirely prevents oxidation of sodium nitrite in soil 
for a period . of more than 10 days (Quastel & 
Scholefield, 1951). 

Nitrourea at a concentration of 0-0033 m com- 
pletely inhibits nitrite oxidation for 16 days whilst 
having no effect on pyruvic-oxime oxidation 
(Quastel & Scholefield, 1951). Similarly, p-amino- 
salicylic acid produces a 1-5-day lag period in the 
oxidation of pyruvic-oxime in soil at a concentration 
of 0-0033 M, but will produce a similar effect on the 
oxidation of ammonirun ions at a concentration of 
O-OOIm (Quastel & Scholefield, 1951). 

At a concentration of 0-005% the only sulpha 
drug to have any effect on pyruvic-oxime oxidation 
is sulphadiazine, six others having relatively little 
effect. 

Manometric experiments on washed 
suspensions of Achromobacter 

As will be seen from the Addendum to this paper, 
four organisms have been isolated, three from soil 
and one from faeces, which can bring about the 
oxidation of pyruvic-oxime to nitrite. Manometric 
experiments have been carried out using suspen- 
sions of these organisms. 

Pyruvic-oxime oxidase 

The fact that the oxidation of pyruvic-oxime, 
which takes place in the presence of these organisms, 
is controlled by a thermolabile enzyme was estab- 
lished by showing that immersion of the organisms 
in a boiling-water bath for 1 min. completely 
eliminated their respiratory activity in the presence 
of pyruvic-oxime. Fxu-thermore, the presence of 
m/ 300 sodium cyanide inhibited the oxygen uptake 
by over 70 % and ar/300 sodium azide by over 90 %. 
The enzyme controlling the oxidation was termed 
pyrmdc-oxime oxidase (Quastel et al. 1950). 

Whilst it was quite definite that the three soil 
organisms and the one isolated from faeces could aU 
metabolize pyruvic-oxime and produce nitrite from 
this soiuce, their relative activities differed con- 
siderably. Suspensions of each organism were there- 
fore prepared and the rates of oxygen uptake in air 
were measvued using potassiiun hydroxide in the 
centre wells of the Warbrug vessels. In each case the 
turbidities were made the same, as judged with the 
Fisher colorimeter using Filter B525, and in each 
ease the endogenous metabolic rate was also esti- 
mated. Fig. 1 shows that both Ac7irowo6ac«er sp. (1) 
and the faecal organism actively metabolize pyruvic- 
oxime. Tlie other species of Achromobacter and the 
species of Corynebacterium, on the other hand. 


showed only a low rate of oxidation of pyruvic- 
oxime under these conditions. In all the experi- 
mental work discussed in this paper, therefore, the 
Achromobacter sp. (1) has been used. The organisms 
were always washed twice with distilled water and 
suspended in distilled water. The suspension con- 
tained the growth from one 3-day-old plate per ml. 
Approximately 5 mg. dry weight washed organisms 
was used per vessel in all experiments. 



Kg. 1. Comparison of the abilities of four organisms to 
oxidize pyruvic-oxime. Contents of flasks: 1-0 ml. 
washed suspension of organisms (5 mg. dry wt.), 1-0 ml. 
0-lM-phosphate buffer, pH 7-2; 0-2 ml. 0-02M-pyruvio- 
oxime; water to total vol. 3-2 ml. Air 37°. KOH in 
centre wells. (I) Corynebacterium sp. from soil; (H) 
Achromobacter sp. (2) from soil; (HI) Achromobacter sp. 
(1) from soil; (IV) Achromobacter sp. (3) from faeces; 0> 
no substrate added; •, 0-2 ml. 0-02M-pyruvio-oxime 
present. 

In -view of our previous studies concerning the 
effects of hydrogen-ion concentration on the pro- 
duction of nitrite in soils (Quastel & Scholefiel , 
1949, 1951) it seemed of interest to investigate the 
effects of changes of pH on the oxidation of pyruvic 
oxime. It will be seen from Fig. 2 that in the range 
of pH 6-9 there is no appreciable variation in t e 
rate of Oj consumption, but that a shift of 0- 
1-0 pH unit outside this range causes a very sha^ 
drop in activity. In all our experiments on t e 
production of nitrite from pyruvic-oxime in soi > 
therefore, pH may be eliminated as a factor m 
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fluencing metabolic activity since the buficiing 
power of soil is great enough to maintain conditions 
well within the region of pH 6-9. 
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Fig. 2. Tbevariationofnctivity ofpj’ruvic-oximcoxidation 
with pH. O, phosphate huffer {O'OOOsi); •, borate 
buffer (final concentration of HjBOj, and KCl 0-05 m; 
pH adjusted with HaOH). For experiment: 2'0 ml. buffer 
solution; 1-0 ml. bacterial suspension; 0'2 ml. 0-25M- 
pyrumo-oxime or 0-2 ml. water tipped. 

Oxygen consumption during the oxidative metabolism 
of pyruvic-oxime 

It was of interest to discover the number of mole- 
cules of Oj consumed by the organism during its 
metabolism of one molecule of pyruvic-oxime and 
whether the ratio of Oj consumed to pyruvic-oxime 
used remained constant during the course of an 
experiment. It has been found convenient to esti- 
mate the amount of nitrite formed, as this is a 
measure of the metabolism of pyruvic-oxime. 

Table 2. Comparison of oxygen uptake and nitrite 
production during metabolism of pyruvic-oxime 

(Details given in text.) 

Nitrite 


the medium wn.s estimated colorimotrically. 
the results given in the above table it will bo seen 
that 1-82 molecules of 0 , are consumed per molcnulo 
of sodium nitrite produced. Tho value of this figure 
indicates that tho molecule of pyruvic-oximo is not 
completely oxidized by these organisms under our 
ox]torimontnl conditions. Tho theoretical value of 
tho ratio in quest ion for complete oxidation to COj, 
water and nitrite would bo ll-f). Furthermore, it 
is obvious that tho ratio of nitrite produced to O, 
consumed is constant within oxporiinontal error 
during the entire experiment. 

A likely mode of breakdown of pyruvic-oximo is 
given by the following scheme : 

CHj.CdNOHlCOOH +Oj— cn,.CO.COOH -i-HNO, 

iOsj 

CIIj.COOH + COj 

Such a scheme involves tho nece.ssary intonnodiato 
formation of pyruvic acid. Experiments wore thoro- 
foro carried out to discover whether tho presence 
of somicarbazide, by its binding of intermediary 
pyruvic acid, would influence tho rate of 0 » uptake 
of Achromohacter in tho presence of pyruvic-oximo. 
Tho results showed that somicarliazido (0-05 m) 
neither altered tho rate of 0 . uptake nor, within 
experimental error, tho total O 5 uptake. 


Time 

Extra oxygen 
uptake (i) 

produced (ii) 

(1 g.mol. =22-4 1.) 

Batio: 

(min.) 

(al.) 

(/il. equivalent) 

(i)/{ii) 

15 

4-1 

2-24 

1-8 

30 

7-4 

4-62 

1-6 

45 

13-6 

7-54 

1-8 

60 

21-8 

- 


75 

30-0 

15-3 

1-95 

90 

35-7 

20-2 

1-8 

105 

55-4 

31-2 

1-9 

120 

71-0 

37-6 

1-9 

135 

79-5 

41-5 

1-9 



Mean 

1-82 


The oxygen uptake due 
substances 


to the addition of other 


^ The results of a typical experiment are given in 


(a) Nitrogen-containing molecules. Tho meta- 
bolism of a number of substrates by Achromohacter 
sp. ( 1 ) has been studied with tho intention of dis- 
covering which compounds are possible inter- 
mediates in tho metabolism of pyruvic-oximo. Tims 
one pathway of metabolism of pyruvic-oximo might 
bo via alanine by reduction of tho oxime to this 
amino-acid. Tliat this is not tho case, however, is 
shoira by the facts: (i) that tho metabolism of tho 
oxime in soil does not proceed via ammonia, whereas 
that of alanine does (Quastol & Scholofiold, 1949); 
(ii) that alanine on incubation with Achromohacter 
( 1 ) produces no nitrite although it is quite 
readily oxidized. Another possible intermediate is 
hydroxylamine, but previous evidence has already 
rendered this possibility unlikely. Again O-OOOIm- 
hydroxylamine does not produce nitrite onperfusion 
in soils that readily oxidize pyruvic-oxime. 

Since it is clear that neither ammonia nor hydroxyl- 
amine is likely to be an intermediate in the break- 
down of pyruvic-oxime and since the ratio of O, 
uptake to the formation of nitrite is constant from 


Table 2 . Several manometer vessels were set nn iCS Ji rT is constant from 

containing 1-0 ml. bacterial susnension of the it is reasonable to deduce 

°d bf 7 ’ buffer, tion of the oihne.^^’™"'^ 

tipped 0-2 ml. 0-2M-p^^c-o^e^^^e^^rri^ Possible intermediates in the meta- 

one vessel was remo^v^and the nitri;7oxi^S^f of tZrfZZToZnZ' 

01 tne rates of Oj uptake by a washed suspension of 
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Achromobacfer sp. (1), in the presence of a variety of 
substances which might be possible intermediates in 
pvTuvic-oxime metabolism. Sodium lactate and 
sodium pyruvate were fovmd to be oxidized by the 
organism without any initial time lag ; the rates of 
Og uptake were not constant but tended to increase 



Fig. 3. The effect of pyruvic-oxime concentration on Og 
uptake by Achromobacfer sp. (1). Contents of flasks as in 
Fig. 1 but nith varying amounts of pyruvic-oxime. 
O, no pyruvic-oxime present; •, 0-1 ml. 0-02M-pyruvic- 
orime; A, 0-2 ml. 0-02M-pyruvic-oxime; x, 0-4 ml. 
0-02M-pyruvic-oxime. 

with time, a phenomenon also sliorni by pyruvic- 
oxime. Sodium propionate was also oxidized, but 
the onset of oxidation is preceded by an initial time 
lag. Constant rates of Oo uptake have been obtained 
with acetate, but usually even this substrate tends 
to give an increasing rate of Oo uptake with time. 
Tj’pical results for pyruvic-oxime and sodium 
pyruvate oxidation are given in Figs. 3 and 4. The 
results shown in Table 3 were obtained with a 
freshly harvested suspension of organisms that had 
been subcultured from a stock stored for 6 months 
at room temperature after lyophilization. Enzymic 
activity -with pyruvic-oxime as substrate remained 
liigh but the extent of oxidation was somewhat 
lowered. 

In this experiment the nitrite yield was 76 % of 
the theoretical. It would therefore be expected that 
1-50 atoms of O would be taken up per molecule of 
pyTuvic-oxime added, on the assumption that 
oxidation proceeds initially to pyruvate and nitrite. 
Tile further oxidation of the pyruvate produced 


1952 

would yield another 1-79 x 0-75, or 1-34, atoms of 0 
per molecule of pyruvic-oxime (Table 3). Thus the 
oxidation of the oxime by these organisms would 
require I-50-f 1>34, or 2-84, atoms of 0 per molecule 
and this is in agreement with the observed value of 



Fig. 4. The effect of sodium pyruvate concentration on Oj 
uptake by Achromobacfer sp. (1). Contents of flasks as in 
Fig. 1 but no pyruvic-oxime present. Oi uo sodium 
pyruvate present; •, 0-1 ml. 0'02M-sodium pyruvate; 
A, 0’2ial. 0-02jr-sodium pyruvate; x, 0-4 ml. 0-02ii- 
sodium pyruvate. 

2-81. This observation conforms with the view that 
Pyruvate is an essential intermediate in the oxida- 
tion of pyruvic-oxime. 

Table 3. Atoms of oxygen taken up per molecule of 
substrate, after lyophilization and storage of 
Achromobacter sp. (1) 

Pyruvic-oxime 2-81 

Sodium pyruvate 1‘79 

Sodium acetate 2-24 

It will be noted &om the results given in Table 3 
that the Og uptake per molecule of substrate is of the 
same order with sodium acetate as. with sodium 
pyruvate. This result we consider explicable on the 
basis that part of the pyruvate (about 40%) is 
assimilated in synthetic processes in the orgamsm, 
the remainder undergoing further oxidation. 

(c) The metabolism of other substrates. IVhen the 
sodium salts of succinic, fumaric and malonic acids 
were tested as substrates, the curves shown in Fig. o 
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Table 4. The effect of variom oximes on the metabolism of puruvicoxime 


2vS3 


■iaD10 4. sue _ . 

0 02M-inliil)itor and ^vatc^ to total ^o\. ol -i - tni. Air. 


Inhibitor 

Hone 

PhenylpjTTivic acid oximo 
D-Arahinose oxime 
tt-Ketoglutaric acid oximo 


Oxygen uptake in 
45 min. 

(pl-) 

120 

110 

80 

98 


Correction for O. 

nplnkc in the 
nh.'cnco of pynivic- 
oxime and in tlie 
presence of the 
inliibitor 
(,d, 0.) 

19 

43 

25 

30 


Percentage 
inhiliilion of 
rate of Oj 
uptake 

0 

33 

40 

32 


■were obtained. They indicate that malonnte is not 
metabolized by this organism, succinate after a 
short lag period, and fumarate but feebly. 



Pig. 5. The oxidation of various carboxylic acids by 
Achromohacter sp. (1) compared with that of pyruvic- 
oxime. Contents of flasks as in Pig. 1 with the following 
substrates replacing pyruvic-oxime. •, water or 
sodium malonate (0’2inl. 0-02 m); ©, sodium fumarate 
(0-2 ml. 0'02 m); x, sodium succinate (0-2 ml. 0'02 m); 
A, sodium pyruvate (0'2ml. 0-02 m); O, pyruvio-oximo 
(0-3 ml. 0’02 m). 

(d) The effects of other oximes. The effects of pure 
samples of the oximes of a-ketobutyric acid, 
phenylpyruvic acid, (x-ketoglutarie acid and ara- 
binose on pyruvic-oxime oxidation were investi- 
gated (Quastel ct al. 1950). The results are shown in 
Table 4 and indicate inhibitory effects of three of 
these oximes. 

Phenylpyruvic acid o.xime solution usually shows 


no free nitrite, and yet after 2 hr. incubnt ion with the 
organism this substance consistently pyo 5-10% 
of its total nitrogen content n.s free nitrite. Some 
increase in OjUptako is obtained (Table 4), but tbi.s i.s 
also seen to some extent with the other two oximes 
which yield no nitrite. This activity is so feeble, 
however, that it hn.s boon classified ns approximately 
zero in considering onz-ymo svibstrato specificities. 
The other two oximes have never yielded any 
nitrite with this organism. 

Table 5, Metabolism of oximes by 
Achromobactor sp. (1) 


(Conditions ns in Tnblo 4) 


Substrate added (/xtaole.s) 

^ > 

Oxygen 
uptake in 
tiO min. 

Nitrite 

formed 

finally 

PjTsivic- 

> 

a-Ketobiityric 

oximo 

acid oximo 

w 

(/imole.s) 

0 

0 

30 

0 

10 

0 

225 

7-39 

0 

10 

117 

9-30 

10 

10 

184 

10-70 


It is evident, therefore, that whilst the oxidation 
of various oximes to nitrite in soil is confined to those 
of the a-ketoacids, the ability of isolated organisms 
to oxidize the oximes is more restricted. Thus 
Achromobacter sp. (1) can metabolize pjTUvic- 
oxime but not (or only very feebly) the oximes of the 
a-kotoacids mentioned above, although some of 
these are quite readily metabolized on perfusion 
througli soil. One other oximo is, however, meta- 
bolized by this organism, i.e. the oxime of a-keto- 
butynic acid. Evidence for this is presented in 
Table 5. Both oximes are readily oxidized, but 
admixture causes the rate of Oj uptake to fall 
between the values given by each oxime alone. This 
would indicate that the two substrates compote for 
a single enzyme system. Nitrite formation at the 
completion of the experiment accounts for 74 % of 
the added pyruvic-oxime nitrogen and 94% of 
the added a-ketobutyric acid oxime nitrogen. In 
a mixture of the two oximes the nitrite yield is 
ultimately completely additive. 
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No period of adaptation seems to be necessary 
before the oximes are metabolized, and in no mano- 
metric experiment has any evidence been obtained 
which would indicate that Acliromobacter sp. (1) 
may become adapted to oxidize any oxime other 
than those of the a-keto fatty acids, 

STOEVIABY 

1. Oximes of the a-ketoacids (pyruvic, phenyl- 
pyruvic, oxaloacetic and a-ketoglutaric) are readily 
nitrified in soil, 

2. The oximes of salicylaldehyde, furil, arabinose, 
acetone, formaldehyde, acetoacetic ester, and ben- 
zoin are inert in soil as nitrite -formers and do not 
inliibit nitrification of pyruvic-oxime in soil. 

3. Among six sulphanilamide derivatives tested, 
sulphadiazine {0'005%) has the most marked 
inlhbitory action on nitrite formation from pyruvic- 
oxime in soil. Chloromycetin (1 in 40000) is 
higlily inhibitory, but penicillin and streptomycin 
are relatively inert under soil conditions, p- 
Aminosalicylic acid has a small inliibitory action, 
but nitrourea (0-0033 m), which completely inhibits 
nitrite oxidation in soil, has no inhibitory effect on 
nitrite formation from pyruvic -oxime. 

4. Details are given of the isolation and character- 
ization of organisms in sofi and in faeces capable of 
oxidizing pyruvic-oxime . Three species of organisms, 
attacking pyruvic -oxime, have been isolated from 
soil. Two of the species faU into the genus Achromo- 
bacter; the third is identified as a Corynebacterium. 


5. Among twenty -two stock cultures of bacteria 
tested for their abilities to proliferate on a pyruvic- 
oxime medium, a few gave sparse growth and none 
formed nitrite. 

6. Using washed suspensions of Achromobacter 
sp. (1) it is found that during the oxidation of 
pyruvic-oxime, the ratio of nitrite production to 
oxygen uptake remains constant. 

7. The results of perfusion and manometric 
experiments indicate that alanine is not an inter- 
mediate in pyruvic-oxime oxidation. Hydroxyl- 
amine and ammonia are also unlikely to be inter- 
mediates. 

8. Suspensions of resting Achromobacter sp. (1) 
oxidize acetate and pyruvate readily, succinate 
after a short lag period and fumarate very slowly. 
Malonate is not attacked. 

9. The evidence would indicate that pyruvic- 
oxime is oxidized to pyruvate and nitrite, the 
pyruvate then undergoing further breakdown. The 
enzyme system responsible for the oxidation of 
pyruvic-oxime is termed pyruvic-oxime oxidase. 
Sodium azide and sodium cyanide markedly inliibit 
the activity of pyruvic-oxime oxidase. 

10. Pyruvic-oxime oxidation by suspensions of 
resting Achromobacter sp. (1) is inhibited by the 
oximes of a-ketoglutaric acid, phenylpyruvio acid 
and arabinose. These oximes are apparently either 
feebly or not attacked by pyruvic-oxime oxidase. 
The oxime of a-ketobutyric acid is also oxidized 
by washed suspensions of Achromobacter sp. (1), 
probably by the pyruvic-oxime oxidase. 
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ADDENDUM 


The Isolation of Bacteria from Soil Perfused with Pyruvic Acid Oxime 


Bv J. H. QUASTEL, P. G. SCHOLEFIELD Aim J. W. STEVENSON 
Research Institute, Montreal General Hospital, Montreal, and Department of Bacteriology 
and Immunology, McGill University, Montreal 


{Received 13 June 1951) 


Approximately 2 g. of perfused soil ‘ cnunhs’ were brought 
into a finely particulate suspension in 6 ml. of sterile distilled 
water by gently grinding in a mortar. Larger soil particles 
were allowed to settle out and the supernatant fluid which 
contained the smaller particles in suspension was cultured. 
The culture medium, which contained pyruvic-oxime as the 
only source of assimilable carbon and nitrogen, was pre- 


pared as follows: KjHPO^, 0-5 g.; MgSO^.VHjO, 0-2 g.; 
NaCl, 0-2 g.; ]\InSOj.4HjO, trace; PeClj.6HjO, trace; 
Granular Agar (Difco), 15 g.; pH adjusted to '^■*1 - 

NaOH. Dispensed in 100 ml. lots and autoclaved at 120 tor 

20 min. 0-25M-Pyruvic-oxime (10 ml.) rendered sterile y 

Seitz filtration was added to each 100 ml. lot of molten agar 
salt solution base and plates were poured. 



OXIDATION OF PYRUVIC ACID OXIME 

An inoculum of 0-1 ml. of tho soil suspension per plntc, 
spread evenly over the surface of the agar, provided culUircs 
in which colonies were, for tho most part, discrete. Plates 
were incubated at 25 and 37°. Despite the fact that 
perfusion had been carried out at 21° optimal ^owth as 
obtained at 37°. There was no solectivo effect of incubation 
temperature, plates incubated at 25 and 37 showing the 
same flora. Incubation for 72 hr. was required to bring out 
characters by which various colony types might bo dis- 
tinguished one from the other. No new forms appeared on 
continued incubation beyond this line. 

A number of picks of each colony typo were grown in pure 
culture on pyruvic-oxime agar in order to test their ability to 
attack pyruvic-oxime with the liberation of free nitrite. Tho 
test consisted in removing a small square of the agar bearing 
the growth (0-5 sq.cm.) which was dropped into Ilosvay 
reagents in a tube. All picks gave strong tests for nitrite. 

Control squares of sterile pyruvic-oxime agar incubated for 
the same period of time showed no trace of nitrite. Tho 
various picks upon taxonomic study were resolved into 
three distinct species. It is of interest to note that all of the 
organisms isolated from the soil on the pyrurdc-oxime 
medium were capable of oxidizing pyrurdc-oxime wdth the 
production of nitrite. This would tend to suggest a process of 
selection or adaptation or perhaps a combination of both 
phenomena during perfusion. 

Two of the species isolated from the perfused soil fall into 
the genua Achromobacier-, the third has been identified as a 
Corynehacterium. A third species of the genus Achromobacier 
capable of oxidizing pyruvic-oxime with the formation of 
nitrite has been isolated from a sample of faeces. None of tho 
species which were isolated conforms with species described 
under the genera Achromobaclerium s.ni.Corynebacteriumm 
Sergey’s Manual (1948). Due to the unsettled state of 
classification of species udthin these genera the organisms 
isolated have not been given specific designations. 

The following are the characteristics of the various species. 
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cndosporcs. Not encapsulated. Non-motilc. Gram- 
negative. 

Cultural characlcrislic^. Colonies on peptone agar 1-2 mm. 
in diameter, high convex, circular with entire edges, grey, 
smooth and glistening, translucent. Growth in peptone 
broth: general turbidity wdth sediment. Aerobic, facul- 
tative. Good growth at 25 and 37°. 

Physiological charactcrislics. Hctcrotrophic. Free nitro- 
gen not fixed. Gelatin not liquefied. Ditmus milk alkaline, 
casein not digested. Nitrates rapidly reduced t-o nitrites. 
HjS not produced. Indole not formed. Aectylmethyl- 
carbinol not produced. May utilize salts of citric acid ns a 
solo source of carbon. Cellulose not digested. Starch not 
hydrolysed. No acid from dextrose, galactose, arabinoso, 
xylose, rhnmnose, maltose, lactose, saccharose, rnffinosc, 
trehalose, lovulosc, mannitol, dulcitol, sorbitol, inositol, 
glycerol or inulin. Urea not hydrolysed. 


Achromobacier sp, (1) 

From perfused soil. 

Morphology. Straight rods with rounded ends occurring 
singly and in pairs. 0-5 by 1-3 p. No endospores. Not 
encapsulated. Motile, possessing peritrichous flagella. 
Gram-negative. 

Cultural characteristics. Colonies on peptone agar 2—3 mm. 
in diameter, low convex, circular with entire edges, grey, 
smooth and glistening, translucent, mucoid. Grondh in 
peptone broth turbid with pellicle and sediment, aerobic, 
facultative. Good growth at 25 and 37°, 

Physiological characteristics. Heterotrophic. Free nitro- 
gen not fixed. Gelatin not liquefied. Litmus mUk alkaline, 
casein not digested. Nitrates rapidly reduced to nitrites. 
HjS not produced. Indole not formed. Acetylmethyl- 
carbinol not produced. Cannot use salts of citric acid as a 
sole source of carbon. Cellulose not digested. Starch not 
hydrolysed. No acid from dextrose, galactose, arabinose, 
xylose, rhamnose, maltose, lactose, saccharose, raffinose, 
trehalose, levulose, mannitol, dulcitol, sorbitol, inositol, 
glycerol or inulin. Urea not hydrolysed. 

Achromobacier sp. (2) 

From perfused soil. 

Morphohgy. Rods with rounded ends occurring sinelv 
and m pairs. Coccoid and oval forms 0-5-1 by 1-3 ft. No 


Achromobacier sp. (3) 

A third species of Achromobacier capable of oxidizing 
pyruvic-oximo with nitrite production was isolated from 
faeces and characterized as follows. 

Morphology. Straight rods with rounded ends occurring 
singly and in pairs. 0-5 by 1-3 p. No endospores. Not 
encapsulated. Non-motilc. Gmm-negativc. 

Cultural characteristics. Colonicsonpoptonoagar2-3 mm. 
in diameter, low convex, circular with entire edges, grey to 
faint cream colour (no pigment on colourless media), smooth 
and glistening, translucent. Non-mucoid. Growth in 
peptone broth: general turbidity with sediment. Aerobic, 
facultative. Good growth at 25 and 37°. 

Physiological characteristics. Heterotrophic. Free nitro- 
gen not fixed. Gelatin not liquefied. Litmus milk alkaline, 
casein not digested. Nitrates very slowly reduced to nitrites. 
H.S not produced. Indole not formed. Acetylmcthyl- 
carbinol not produced. May utilize salts of citric acid ns a 
sole source of carbon. Cellulose not digested. Starch not 
hydrolysed. Acid from dextrose and galactose. No acid 
from arabinose, xylose, rhamnose, maltose, lactose, sac- 
charose, raffinose, trehalose, levulose, mannitol, duleitol, 
sorbitol, inositol, glycerol or inulin. Urea not hydrolysed. 

The essential points of difference upon whieh tho separa- 
tion of tho foregoing organisms as distinct species is based 
are outlined in Table 1, 

Table 1. Distinguishing Jealures of three species of 
Achromobacter which oxidize pyruvic-oxime 


Test 

Motility 

Nitrate reduction 
Acid from dextrose 
Acid from galactose 
Use of salts of citric acid 
as sole source of carbon 


Corynehacterium sp. 

From perfused soil. 

Morphology. Slightly curved rods, 0-5-1 by 2-4 u in 
young culture. 1 by 6-8 fi. in older culture. Palisading and 
angular arrangement. Pleomorphic on ageing, -with club 
forms. No endospores. Not encapsulated. Nrmot£ 


Achromo- 

Achromo- 

Achromo- 

6ac(criu-ra 

bacterium 

bacterinni 

sp. (1) 

sp. (2) 

sp. (3) 

+ 

— 


Rapid 

Rapid 

Very slow 


— 

+ 


- 

+ 
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Uniformly Gram-positive in young culture tending to 
variability in older culture vdth Gram-negative cytoplasm 
beaded with Gram-positive granules. Not acid-fast. 

Cultural characteristics. Colonies on peptone agar 1-2 mm. 
in diameter, high convex, circular with entire edges, white, 
smooth non-glistening surface. Growth in peptone broth: 
granular sediment with little general turbidity. Aerobic. 
Good growth at 25 and 37°. 

Physiological characteristics. Heterotrophic. Free nitro- 
gen not fixed. Gelatin not liquefied. Litmus milk alkaline, 
casein not digested. Nitrates slowly reduced to nitrites. 
HoSnotproduced. Indole not formed. Cellulose not digested. 
Starch not hydrolysed. Acid from levulose. No acid from 
dextrose, galactose, arabinose, xylose, rhamnose, maltose, 
lactose, saccharose, raffinose, trehalose, mannitol, dulcitol, 
sorbitol, inositol, glycerol or inulin. Urea not hydrolysed. 

Unless otherwise indicated, Achromobacter sp. (1) has 
been used for all the manometrio studies. 

In order to determine whether or not species of bacteria 
other than those isolated from the perfused soil might attack 
pyruvic-oxime with the production of nitrite, a series of 
laboratory stock cultmes which had been maintained on 
peptone agar were transferred to pyruvic-oxime agar. The 
results are outlined in Table 2. It is seen that none of a 
variety of species held in stock possessed, initially at least, 
the ability to produce nitrite from p 3 Tuvio-oxime. Indeed 
many of the species tested failed to grow on this medium. 
Growth where it occurred was in all instances rather sparse 
requiring from 3 days to 1 week of incubation, depending 
upon the species. The finding that certain heterotrophic 
organisms may oxidize pyruvic-oxime to nitrite has been 
confirmed by the recent work of Jensen (1951). 

It was felt that adaptation might be a factor in determin- 
ing the ability of an organism to attack pyruvic-oxime. In 
order to test this, four selected species, Achromobacter 
hartlebii, Achromobacter perolens. Agrobacterium radiobacter 


a,ndBacterium globiforme, were carried through sixsuccessivo 
transfers on pyruvic-oxime agar. On the sixth transfer the 
two species of Achromobacter produced very small amounts 

Table 2. The- ability of various stock cultures of 
bacteria to grow on pyruvic-oxime agar and to 
produce nitrite from- pyruvic-oxime 

Organism Growth Nitrite 

Achromobacter hartlebii _ 

Achromobacter perolens -t- 

Achromobacter sp. (isolated from fish) -t- 

Alcaligenes faecalis -t- 

Agrohacterium radiobacter -f 

Chromobacterium violaceum - 

Pseudomonas aeruginosa (2 strains) + - 

Escherichia coli - 

Aerobacter aerogenes -f 

Klebsiella pneumoniae -H 

Serratia marcescens -r 

Proleus vulgaris - - 

Micrococcus ureae - 

Micrococcus pyogenes var. aureus - 

Micrococcus epidermidns - - 

Micrococcus agilis - 

Sarcina luted - - 

Corynebacterium segmentosum - 

Bacterium globiforme -t 

Bacillus mesentericus - 

Bacillus cereus 

Bacillus megatherium - 

ofnitrite. Agrobacteriumradiobacter and Bacteriumglobiforme 
failed to produce nitrite. It is of interest to note that the two 
species which gained, presumably by adaptation, the ability 
to attack the substrate with the liberation of free nitrite 
were both members of the same genus as the three active 
species isolated from perfused soil and faeces. 


REFERENCES 

Bergey's Manual of Determinative Bacteriology (1948). 6th Jensen, H. L. (1951). J. gen. Microbiol. 5, 360. 
ed. Edited by Breed, R. S., Murray, E. G. D. & Hitchins, 

A. P. Baltimore: Williams and Wilkins, 


The Isolation of Androst-16-en-3a-ol from Women’s Urine 


By B. W. L. BROOKSBANK and G. A. D. HASLEWOOD 
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(Received 20 December 1951) 


The musk-smeUing androst-16-en-3a-ol, first 
isolated from swine testes by Prelog & Ruzicka 
(1944), was obtained from a glucuronide fraction 
from men’s urine by Brooksbank & Haslewood 
(1949, 1950) and from the urine of women with 
adrenal cortical tumours by Mason & Schneider 
(1950). WTren Brooksbank & Haslewood (1950) 
tried to obtain this steroid from the urine of women 


not showing any endocrine abnormality, they were 
able to isolate from the musk-smelling fraction only 
a small amount of a substance melting at about 
160°, and therefore different from the an^osteno . 
It has seemed of interest to us to repeat this work m 
order to settle, if possible, the question of the nature 
of the musk-smelling constituent of (hydrolyse ) 
urine from normal women. 
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BESULTS 


The -work described below sho\vs that the urine 
examined contained androst-16-en-3a-ol (approxi- 
mately 0-2-0-3 mg./L), as well as pregnane-3a:20a- 
diol (in a concentration of the order of 0-4 mg.jl.); 
these substances were almost certainly present as 
glucuronides. The previously described substance of 
melting point about 160° was not again encovmtered. 

DISCUSSION 

The urine used was collected from women in whom 
there was no evidence of endocrine abnormality , 
and it probably consisted almost entirely of 
‘ follicular ’ urine, i.e. excreted in the menstrual cycle 
before the formation of functioning corpora lutea. 

It is clear, therefore, that in man, the androstenol is 
truly characteristic of female, as well as of male, 
urine. It may be of adrenal origin, as suggested by 
Mason & Schneider (1950) for a female case of 
adrenal cortical neoplasm. There is no definite 
evidence to suggest that the testis is involved in its 
formation by the male, although it was our unpres- 
sion that rather greater amounts were excreted by 
men than by women. The amount of pregnanediol 
isolated was about what might have been expected 
in ‘follicular’ urine. 

METHODS 

In general the methods of isolation of Brooksbank & 
Haslewood (1950) were closely followed. 

‘ Pregnanediol-like glncuronide’ (PLG) was estimated as 
previously described, and the results expressed as pure 
sodium pregnanediolglucuronidate (NaPG). Melting points 
are imcorreoted. Light petroleum was A.R., b.p. 40-60°. 
AljOj, supplied by Hopkin and Williams Ltd., was neutral- 
ized as described by Shoppee (1949). 

Isolation and purification of PLG. Urine (191 1.) was 
collected from healthy women and from patients (in surgical 
wards) not suffering from endocrine diseases, cancer, 
kidney or bladder disturbances. All subjects menstruated 
normally; they were instructed to collect urine only during 
the first 14 days after menstrual bleeding had ceased. Urine 
was preserved with thymol-salicylic acid or butanol. It was 
extracted with butanol and the PLG entrained as described 
by Brooksbank & Haslewood (1950) in a manner corre- 
sponding to the ‘concentrated’ conditions of the original 
smaU-Bcale estimation (Bisset, Brooksbank & Haslewood, 
1948). The total yield of PLG recovered from barium phos- 
phate precipitates was 1-629 g., which was assayed as 
approx. 50% pure glucuronide (as NaPG). Of the 1-629 g., 
96 mg. was used in experiments, kindly carried out by 
Dr Mary Barber, on bacterial hydrolysis ; it was found that 
this was unsatisfactory, as the extracts apparently con- 
tained an inhibitor of glucuronidase activity. An un- 
successful attempt to remove the glucuronidase inhibitor 
was made by dissohung the remaining PLG (1532 mg. 
--789 mg. NaPG) in n-butanol/methanol (2:1 v/v) and 
elutmg it from A1,0, (10 g.) in a swiftly moving column 


(2x3 cm.). The original solvent eluted 283 mg. (-7/^ 
NnPG), methanol (300 ml.) gave 950 mg. (^9 /o ^"I G) and 
further methanol (approx. 1 1.) gave 147 mg. (48 ^ Nal G). 
The total solid recovered thus weighed 1-380 g.; ri was 
equivalent to 517 rag. NaPG and hence 789-517=272 mg. 
(34%) of glucuronide (ns NaPG) were lo'^t on the column. 

Enzymic hydrolysis of PLG. The PLG (517 mg. ns NaPG) 
recovered from ALO3 (above) in 0-1 M-cilrate buffer (770 ml., 
pH 5-2, Kerr, Graham & Levvy, 1918), was treated with 
18 200 units of purified calf-splccn glucuronidase (prepared 
according to instructions kindly supplied by Dr G. T. Mills 
of the University of Glasgow) dissolved in water (90 ml.). 
The mixture, together with about 5 ml. CIICI3, was incu- 
bated at 37°. Commercial deoxyribonucleic acid, to a con- 
centration of about 0-3% (w/v), was added after 2 days as a 
glucuronidase accelerator (Bcmfeld fc lishman, 1950) and 
incubation was continued fora further 2-.5 days. The mixture 
was then diluted with water to about 1 1. and extracted 
continuously with ether for about 16 hr.; the aqueous por- 
tion was finnll3' shaken with two lots of about 200 ml. each 
of fresh ether. The combined ether extracts were washed 
with water, dilute NnjC03 solution, water, dried (Na-SOi) 
and evaporated. The residue weighed 247 mg.; it was 
partiallj- crj-stalline and had a strong musk-like smell. If 
this residue had been pregnanediol, it would correspond to 
about 401 mg. of NaPG; hence about 517-401 =116 rag. of 
glucuronide (ns NnPG) remained unhydrolj'sed. Hence, the 
approximate volume of urine from which the above 247 mg. 
of hydrolysed material was obtained corresponded to 

1532 


401 , 

■ X— X 191 =91 1. 
1629 789 


Isolation of steroids. The above hydrolysed ether-soluble 
neutral material (247 mg.) was left for a few days at 0-5° 
with acetone (about 10 ml.). The separated solid was 
collected and washed with a little cold acetone. The in- 
soluble material (58 mg.) was crystalEzed from ethanol/ 
aqueous NaOH and gave prcgnane-3a:20z-diol (30 mg., 
m.p. 228-232°, not depressed bj- authentic material). 

Evaporation of the above acetone liquors left a strongly 
smelling brown gum (189 mg.) which was purified by 
chromatography as sho^vn in Table 1. 

Eraction 4 (75-2 mg.) from column 1 was crystallized 
from ethanol/aqueous NaOH and gave pregnane-3x:20a- 
diol (5 mg., m.p. 224-227° not depressed by an authentic 
sample). Hence, the total weight of purified pregnanediol 
isolated was about 35 mg., i.e. about 0-4 mg./l. of urine. 

Fractions o (5-8 mg.) and 6 (2-0 mg.) from column 2 were 
purified by cooling with a little light petroleum in soEd COj- 
acetone mixture, decantmg and washing the crystalline 
residue with a little Eght petroleum simEarly cooled. The 
residues were recrystallized from aqueous acetone, as also 
vras the residue left on evaporation of the Eght petroleum 
Equors. The three samples (none of which weighed more than 
about 1 mg.) thus obtained had melting points as foEows: 
from fraction 5, m.p. 140-142°; from fraction 6, m.p. 136- 
138°; from the combined Eght petroleum Equors, m.p. 
142-143°. None of these melting points was depressed by 
mixture with authentic androst-16-en-3a-ol. The last sample 
ga.p. 142-143°) was sent to Dr K. Dobriner, of the Sloan- 
Hettermg Institute for Cancer Research, New York for an 
mfrared spectral examination. Dr Dobriner reported that 
the absorption taken in the ‘finger-print’ region (900- 
1200 cm. ) of our sample was identical with that of 
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Table 1. Chromatography of hydrolysed ether -soluble neutral material from women’s 'follicular ’ urine 


Eluted with Eluate 


Fraction 

Vol. 


Wt. 


no. 

(ml.) 

Solvent 

(mg.) 

Appearance 



Column 1. Hydrolysed material (189 mg.) on AljOj (2 g.) 


1 

40 

50% (v/v) Benzene/light petroleum 

73-1 

Gum 

2 

40 

50 % (v/v) Benzene/light petroleum 

9-3 

Gum 

3 

40 

Benzene 

7-8 

Gum 

4 

40 

Ether 

78-2 

Crystalline 

6 

40 

Acetone 

100 

Gum 

6 

40 

Ethanol 

10-0 

Gum 



Total 

188-4 




Column 2. Fraction 1 (73-1 mg.) of column 1 on Al^Oj (1 g.) 

in a column (5 x 0-5 cm.) 

1-3 

10 

Light petroleum 

20-4 

Colourless oil, slight smell 

4 

5 

Light petroleum 

18-6 

Reddish oil, musk smell 

5 

10 

Light petroleum 

5-8 

Crystalline, musk smell 

6 

10 

Light petroleum 

2-0 

Crystalline, musk smell 

7 

20 

Light petroleum 

4-3 

Partially crystalline, musk 

8 

10 

50% (v/v) Benzene/light petroleum 

7-4 . 

Brown gum, smell 

9 

20 

Benzene 

12-6 

Gum 


Total 7M 


androst-16-en-3a-ol. Less pure samples of the androstenol 
were obtained from fractions 7 and 8 of column 2: more of 
this substance might have been present in fraction 4 from 
this column. The previously purified substance of m.p. 
160-161° (Brooksbank & Haalewood, 1950) was not 
detected. 

SUMMARY 


2. The amount of the latter substance obtained 
indicated an original concentration of the order of 
0‘4 mg./l. of the urine, whilst the androstenol might 
have been present in amounts of 0'2-0'3 mg./l. The 
musk-smelling androst-16-en-3a-ol is thus truly 
characteristic of the (hydrolysed) urine of men and 
women. 


1. Enzymic hydrolysis of a partially purified 
‘pregnanediol-like glucuronide’ fraction from the 
urine of women in the ‘follicular’ phase of the 
menstrual cycle gave a mixture from which was 
isolated androst-16-en-3a-ol and pregnane-3a,;20a- 
diol. 


The authors thank Dr K. Dobriner for the infrared 
Bpectral identification, also Dr Mary Barber for several 
experiments on bacterial hydrolysis and Dr F.T. G. Pnmty 
for advice. Without the generous co-operation of Staff and 
patients at St Thomas’s Hospital this work could not have 
been undertaken. 
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Iron Metabolism and Haemoglobin Formation in 
the Embryonated Hen Egg 

3. IRON IN THE LHTilR AND BLOOD OF THE HATCHING CHICK 


By W. N. M. RAjMSAY 

Department of Biochemistry, University of Edinburgh 
{Received 25 October 1951) 


It is generally recognized tliat in many animals tlio 
liver stores an important quantity of iron at all ages. 
Thus, calculations based largely on figmes quoted 
by Briiclanann & Zondek (1939) and by Barcroft 
(1946) show that in both the adult man and the 
newborn lamb the liver contains rougldy one-third 
of the non-haem iron in the body. In the course of 
a study which extended over both sexes of many 
species, Widdowson & McCance (1948) showed that 
at 20 weeks of age the livers of pullets contained 
14-7 mg. non-haem iron/100 g. wet weight, and 
similar figures were obtained in pullets of 16 weeks by 
Chapman, Maw & Common (1950). Ramsay (1951) 
found that during the last few days of incubation 
some 200 /xg. haem iron disappears from the chick 
embryo membranes. As there is an apparently 
corresponding increase intherateof accumulation of 
non-haem iron in the embryo body, it seemed at 
first sight likely that the membrane liaemoglobin 
was being destroyed {bUe pigments also appear at 
this time) , and that the non-haem iron liberated was 
being accumulated as a store. The present experi- 
ments were therefore undertaken with a view to 
finding out whether a significant proportion of the 
iron was being concentrated in the liver. 

As the total amount of non-haem iron in the 


poorer in iron than any other liver so far studied, 
including that of the chicken at later stages of 
development. 

This finding suggested the possibility that many 
chicles might bo at least on the verge of iron de- 
ficiency, so that reliable blood-haemoglobin figures 
for late chick embryos and young chicks might 
proye interesting. As such figures did not seem to 
be readily available, total blood iron was deter- 
mined in as many chicles as possible in the present 
series. It was felt that the results would bo likely 
to afford a bettor estimate of haemoglobin concen- 
tration than the usual colorimetric mothod.s, 
because chick blood contains nucleated erythro- 
cytes and is often quite exceptionally lipaoraic. It 
seemed probable that any error resulting from the 
presence of traces of non-haemoglobin iron in the 
plasma or the cells would be very much less than the 
pronounced errors which may be caused by 
turbidity in any of the simple dilution methods. The 
work of Rostorfer (1949), on duclvs, suggests that 
only gasometric analyses (impracticable in this 
case) would give better results than total iron 
determinations . 

EXPERIMENTAL 


hatching chick (excluding the ‘spare’ yolk) is of the 
order of 350-400 jxg. (Ramsay, 1951), it may be 
calculated that if the state of affairs is similar to 
that in the animals already mentioned, the liver 
should contain more than 100 gg. non-haem iron. 
McFarlane & Milne (1934) determined total iron in 
the liver of the chick at all stages from 9 days after 
the eggs were set in the incubator until 3 days after 
the chiclrs were hatched. In the hatched chick they 
found the liver to contain 41 jUg. iron, and in the 
only two livers tested by the method of Hill (1931), 
that the non-haem iron was 52 and 66 % of the 
total, or roughly 25 fcg./Iiver, This figure is much 
less than might be expected, so it seemed important 
to make a re-investigation of the question. The 
results described in this paper establish that the 
analj-ses of McFarlane & Mfine (1934) were correct 
and that the liver of the chick at hatching is much 
Biochem. 1952, 51 


Newly hatched chicks from the stock of Brown Leghorn hens 
maintained by the Poultry Research Centre, Edinburgh, 
were anaesthetized with ether and bled by cardiac puncture; 
using an oxalated syringe and needle. The chicks were then 
killed by a blow on the back of the neck. The livers were 
removed, taking great care not to permit contamination from 
the ‘spare’ yolk, which was carefully removed from the 
abdomen at the commencement of the dissection. The livers 
were weighed and glass-homogenized (Potter & Elvehiem, 
1936) with 2-5 ml. water. 


were anaiysea lor xoiai r e ana tne 
liver homogenates for total and non-baem Fe by the 
methods previously described (Ramsay, 1951). Avolumeof 
0-03-0-05 ml. blood was used for each analysis, and the high 
catalase activity of both blood and liver made it necessary to 
heat aU specimens to 100° before adding HjO„. Reduction 
and colour development with 2:2'-dipyridyrwere as de- 
SCTibed by Ramsay (1951). In all three methods the co- 
efficient of variation (s.n. expressed as a percentage of the 
mean) was of the order of 3%. 
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RESULTS 

Blood iron. The average iron content of thirteen 
blood specimens was 35-5 mg./lOO ml. (range 
31'6-38-0, s.D. 2-0 mg./lOO ml.). An isolated value 
of 44-5 mg./lOO ml. was not included in the series. 
A few analyses were made on blood specimens ob- 
tained 19 days (three chicks), 22 days (two chicles) 
and 23 days (three chicks) after the onset of incu- 
bation, but the results all fell within the apparent 
normal limits for the 21st day (mean+ 2 x s.D.). 
They did not suggest that any pronoimced trend in 
haemoglobin concentration is associated with the 
hatching process. 

Liver iron. The results of the analyses on twenty- 
one livers at 21 days are summarized in Table 1. The 
total iron averaged 45-4 /xg./liver (range 32-8- 
85‘4, s.D. 12-5ftg./liver). The percentage of non- 
haem iron in the total liver iron was 37-69 (mean 
52%, s.D. 8-7). 
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determined in the present work. The two earlier 
figures were 52 and 66 %, and the mean for the 
present work was 52 % (s.D. 8-7 %). It is unfortu- 
nate that the present author, in a previous paper 
(Ramsay, 1950) expressed the view that the 
analyses of McFarlane & Milne (1934) were erro- 
neously quoted. This view was based bn analogy 
with other species, on a series of calculations in the 
paper of McFarlane & Milne (1934), which pur- 
ported to show that during the greater part of 
incubation and after hatching a substantial pro- 
portion of the total iron in the body was concen- 
trated in the liver, and on the fact that these 
authors failed to notice that the chick liver is 
actually very poor in iron. The present work 
emphasizes the last point, shows the analogy to be 
quite false, and demonstrates that the original 
analyses of McFarlane & Milne (1934) were 
correctly reported, while the calculations imder 
discussion were erroneous. 


Table 1. Iron in the liver of twenty-one newly hatched chicles 


Mean 

Range 

s.D. 


Liver wt. 

(g-) 

Total iron 


Non-haem iron 

A 


f 

(gg./liver) 

(mg./lOO g.) 

( 

(;tg./liver) 

(mg./lOO g.) 

(% of total) 

0-80 

45-4 

5-7 

22-7 

2-9 

62 

0-56-0-94 

32-8-85-4 

3-8-10-5 

14-4-38-4 

1 -7-4-7 

37-69 

0-108 

12-5 

1-51 

5-9 

0-75 

8-7 


DISCUSSION 

Blood iron. The blood-iron figures on these chicks 
were similar to, but generally slightly higher than, 
some made on adult birds from the same flock. The 
danger of direct comparison between birds of such 
very different ages is real, but it does seem likely 
that the chicks were not, in fact, seriously deficient 
in iron. 

If it is assumed that the relation between total 
iron and haemoglobin is the same in the blood of the 
newly hatched chick as in that of mammals (cf. 
Rostorfer, 1949), it may be calculated that the 
observed iron concentrations correspond to haemo- 
globin concentrations of about 9'5-ll-5 g./lOO ml. 
Zom & Dalton (1937) made haemoglobin determin- 
ations on similar material,' but their paper im- 
fortrmately laclis the technical information which 
would have made a useful comparison possible. 
They record striking fluctuations in haemoglobin 
concentration during and after incubation, but do 
not state either the method used or the number 
of analyses on which their conclusions w'ere 
based. 

Liver iron. The total iron, at 45-4 gg./liver, agrees 
well with the figure of 41gg./liver reported by 
j\IcFarlane & Milne (1934). Moreover, the two 
isolated values which they gave for the proportion of 
non-haem iron in the liver fall within the limits 


It is interesting to note that the proportion of 
non-haem iron in the liver, at 62 %, is much lower 
than the 76 % or over which is commonly found in 
mammalian livers (Briickmann & Zondek, 1939; 
McCance & Widdowson, 1940; Scott & McCoy, 
1944). It might be thought that this difference was 
an analytical one, as the chick livers were not washed 
or perfused to remove blood; they were merely 
dabbed with filter paper. These livers, however, are 
rather fatty (20-22% ether-soluble material; 
Entenman, Lorenz & Chaikoff, 1940; A. K. Lough, 
private communication), and contain little blood. 
Moreover, the proportion of non -haem iron was not 
less than usual in livers which contained much haem 
iron (and might therefore have been contaminated 
with larger volumes of blood). The difference is 
therefore probably a real one, and would be expected 
from the knowledge that at this stage the chick liver 
is not carrying a large store of non-haem iron. 

Other chicks analysed at the same time gave 
figures for the quantity and distribution of iron 
similar to those reported in the previous paper 
(Ramsay, 1951). Calculations based on the figures 
in the present work and on values taken from t e 
graphs given by Ramsay (1951) show that the :mn- 
haem iron in the liver amounts to no more t an 
2*0-2-5 % of the total iron in the body or 6-8 A 0 
the non-haem iron. Recalculation from the analyses 
of McFarlane & Milne (1934) shows their figures to 
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Toe in good agreement -with the present ones in this 
respect also, except that they did not make deter- 
minations of non-haem iron in the whole chick. 
This stale of affairs may be in part a reflexion of the 
small size of the liver, which at hatching amounts to 
only 2-3 % of the body weight, while according to 
Hamilton, Boyd&Mossman (1945) the human liver 
atbirthmay be 5 % ofthebody weight. The difference 
inproportion of fimctional tissue weightmay be very 
much greater than these figures suggest because, as 
has already been noted, fully one-fifth of the wet 
weight of the chick liver consists of ether-soluble 
material. This particular problem in comparative 
biochemistry would seem to be an ideal one for 
attack by the method advocated by Vendrely & 
Vendrely (1949) and Davidson & Leslie (1950), in 
which deoxyribonucleic acid determinations are 
made and the number of cells calculated from the 
results with the aid of certain fundamental as- 
sumptions. 

The question arises whether iron normally 
stored in the liver is displaced in the hatching chick 
to other sites, or whether a very large proportion of 
the non-haem iron in the body is to be regarded as 
belonging to the ‘parenchymatous iron’ fraction 
(Hahn & Whipple, 1936) which is not believed to 
be readily available for haemoglobin formation. 
Neither the kidney analyses of McFarlane & Milne 


(1934) nor a few spleen analyses made in this 
laboratory suggest that these organs usurp the 
function of the liver in respect to iron storage. The 
idea is tempting that the organism does not de- 
velop such fimctions until the ‘spare’ yolk is 
exhausted. This does not happen until about a week 
after the chick is hatched. 

The problem remains of the fate of the iron which 
may be liberated by haemoglobin catabolism to- 
wards the end of incubation. Whatever may bo the 
solution, it is certain that iron liberated in this way 
is not ‘stored’ in the sense in which that word is 
usually used in relation to iron metabolism, 

SlBmARY 

1. Total blood iron in thirteen newly liatched 
chicks was 35-6 (s.d. 2-0) mg./lOO ml. 

2. The livers of twenty -one newly hatched chicks 
contained only 45-4 (s.d. 12-5) pg. total iron and 
22-7 (s.D. 5-9) pg. non-haem iron. 

3. It is concluded that the liver of the newly 
hatched chick contains no appreciable store of iron. 

The author is indebted to the Poultry Research Centre for 
the supply of eggs, to the Agricultural Research Council for 
a grant from which the expenses of the work were defrayed, 
and to Mr G. R. Wilson for technical assistance. 
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Studies in Rhodopsin 
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The history of visual pigments has been reviewed on 
numerous occasions — see Collins & Morton (1950) 
and Wald (1951). In recent years the methods used 
in preparing solutions of rhodopsin have involved at 
least partial separation of rod outer segments. If 
retinas are shaken vigorously in saline or other 
suitable suspending medium the rod outer segments 
become detached. Various methods have been used 
for separating these ‘rods’ from the remainder of the 
retinal suspension. Lythgoe (1937) poured the 
suspension tlirough fine wire gauze and showed that 
the rods, pigment granules and a few isolated cells 
passed tlxrough, but that the main mass of nuclear 
and fibrous material was held back. Krause & 
Sidwell (1938) centrifuged the retinal suspension and 
found that the rods formed a layer on top of the 
other retmal fragments which could then be scraped 
off. Saito (1938) used 40-45 g. sucrose/100 ml. 
water as the suspending mediinn and found that on 
centrifuging, the rods remained in suspension. The 
rods could be tliromi .down when diluted with 
sufficient saline. The method has been used by 
Collins & Morton (1950), by Bliss (1950) and by 
Wald (1951). In addition, Wald (1949) has often 
simply scraped the rods off the retina with a fine 
spatrda or forceps. 

The purity of solutions of rhodopsin prepared 
from rods isolated by any one of the methods 
described above varies greatly. With frog retinas it is 
easier to obtain pure solutions than with cattle 
retinas. It was the purpose of the present work to 
investigate more fully the reasons for these differ- 
ences and to develop improved techniques applicable 
to cattle retinas which can be obtained from 
abattoirs in large numbers. Comparatively large 
amounts of cattle rod outer segments would greatly 
facilitate future work. 

EXPERIMENTAL 

Solutions 

Potash aZum K2S04.Alj(S04)3.24H20, 4% (w/v) in water. 

Digitonin solution. 1 or 2% (w/v) in water; prepared by 
beating the mixture of digitonin and water to boiling until 
solution occurs and then quickly cooling. 

Buffer solution, pH 9-3. NaoBjO, . lOHjO, 19 g./l. 

Formaldehyde (neutral). A 40% (w/v) solution of formal- 
dehyde was shaken with MgCOj , allowed to stand overnight 
and filtered. 


Animals 

Eyes were obtained from freshly killed cattle and trans- 
ported from the local abattoir to the laboratory in closed 
tins. The dissection, carried out in red light, has been de- 
scribed by Collins & Morton (1950). 

The frogs used were Rana esculenta. 

Absorption measurements 

All measurements were made with a Beckman photo- 
electric spectrophotometer. A 1 cm. cell was used. The 
compensating cell contained a solution of digitonin and 
buffer equivalent in strength to that used for the rhodopsin 
solutions. The cells were fiUed in the dark room (using red 
light), placed in the cell holder and covered with a black 
cloth. They were then carried to the Beckman and placed in 
position in the hght-tight cell space. Although rhodopsin 
solutions are sensitive to light no noticeable photodecom- 
position took place during measurements. 

Criteria of purity 

The spectroscopic purity of rhodopsin solutions has been 
assessed as follows. The ratio of the extinction at wave- 
length A to that at (about 500 mg.) has been desig- 
nated P;^. It is found that in the presence of absorbing 
impurities P^ is higher than that for pure rhodopsin. Hence 
as the degree of purity increases will tend to a constant 
low value. Usually P^ has been measured at 400 mp., a 
mini mum in the rhodopsin curve (cf. Collins & Morton, 
1950). The lowest value so far obtained forP^oo is about 0-25. 
As rhodopsin solutions have an absorption maximum near 
275 mp. due to the presence of protein (tyrosine and 
tryptophan) and also some nucleotide absorption near 
260 mp. (Collins, Love & Morton, 1952) it has been found 
useful to record in some cases. 

RESULTS 

Preliminary investigations 

Separation of rods by scraping. Wald (1949) 
separated rods by carefully scraping the surface of 
the retina with a fine spatula. This method was 
investigated. 

Cattle retinas were spread out flat on a piece of filter paper 
with the rods uppermost. The surface was then gently 
stroked with a coarse hair brush, a spatula having been 
found useless, and the brush shaken at frequent intervals m 
saline solution. The saline suspension, when examined 
microscopically, was seen to contain large fragments of 
tissue, rods and blood cells. In another experiment a &e 
camel-hair brush was used and microscopical examination 
revealed a suspension of rods and blood cells only. In both 
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cases a sugar separation (see next section) was subsequently 
carried out, the rods hardened in alum and finally extracted 
with aqueous digitonin solution. The solutions yielded 
values of PiM of 0-53 and 0-68 respectively. 

These results and the extra time required made 
this method unsuitable for cattle retinas. 

Crude rod suspensions. These can be obtained by 
shaking a number of retinas in saline or sucrose 
solutions and pouring through a fine wire gauze 
{60-mesh). The resulting suspension contains most 
of the rods but is heavily contaminated with other 
tissue fragments. Lythgoe (1937) pointed out that 
frog retinas do not fragment during shaking, apart 
from releasing the rod outer segments, but cattle 
retinas as a whole appear to break up into small 
pieces. This we confirmed. Frog and cattle retinas 
were shaken vigorously in saline. The suspension of 
frog ‘rods’ was almost uncontaminated by other 
tissue fragments, but the suspension of cattle rods 
contained many blood cells and a high proportion of 
imwanted tissue and melanin pigment granules. 
The frog rod outer segments were much the larger. 

Separation of rods by Saitohs method 

Saito’s method, as modified by Collins & Morton 
(1950), was used at first. However, the purity of 
cattle rhodopsin solutions obtained by this method 
was very variable and the need for improvement 
soon became apparent. 

The original method was as follows. The cattle retinas, 
dissected in red light, were shaken vigorously in 1'32 m- 
sucrose for 30 sec. using 15 ml. sucrose solution per twenty- 
four retinas, and pomed through the fine wire gauze. The 
resulting suspension was centrifuged at 1600 g for 16 min. 
At the end of that time it could be seen that the fibrous part 
of the retina, blood cells and melanin were thrown to the 
bottom of the tube, while the rods remained suspended in the 
supernatant. This was decanted, diluted with 2-3 vol. of 
0-9% (w/v) saline and centrifuged until clear. The brilliant 
scarlet precipitate was hardened in 4% (w/v) alum solution 
for 1 hr. The rods were then centrifuged down and washed 
once with saline, and finally extracted for 1 hr. with 1 ml. of 
1% (w/v) digitonin solution and centrifuged. The clear 
supernatant was mixed with 1 ml. of buflfer solution 
(pH 9-3), recentrifuged, and the absorption spectrum 
measured. 

The following variables were investigated : 

(i) The effect of pH on the digitonin extraction. The least 
amount of contaminating impurities were extracted at an 
acid pH, but a fine precipitate tended to form which could 
not be centrifuged down. Alkaline extracts were very 
impure. Hence a neutral extractant was employed. 

(ii) The concentration of sugar seemed unimportant 
between about 1-0 and l-fisr, but below 0-88m the rods sank 
to the bottom and formed a layer on the debris, whUe above 
about 1 -Om the whole brei floated. 

(iii) Re-extraction of the retinal debris with l-32M-Bucrose 
jicldcd a less pure fraction. More rods were obtained, but 
with four successive 'sugar extractions’ the purity de- 
tcrioratcd thus: P4o„=0-446, 0-53, 0-733 and 0-858. 


IF RHODOPSIN 

(iv) The duration of the alum treatment is apparently 
unimportant provided it exceeds 30 min. If tho rods aro 
left for periods greater than 24 hr. at room temperature 

there is a slow loss of rhodopsin. 

(v) The extraction by means of digitonin solution is nearly 
complete in 1 hr., but thereafter increasing amounts of 
impurities go into solution. 

Attempts to remove impurities from rods. Rods separated 
by Saito’s method were extracted with an alkaline buffer 
(pH 9-3) followed by an acid one (pH 4-1). Tho rods were 
then hardened in alum and extracted as usual; P4OT =0-477. 
In other experiments the rods were extracted with 0-1% 
DiBpersol A (nn Imperial Chemical Industries Ltd. deter- 
gent); untreated rods gave a value of P4oo=®’"^3, whilst 
after treatment P400 became 0-565. Further experiments 
showed that only very heavily contaminated rod prepara- 
tions were improved. 

The following organic solvents were tried ; phenol, acetone, 
amyl alcohol, pyridine, cyc/ohexane, ethyl acetate and ethyl 
butyrate. All except the last bleached the rhodopsin 
immediately — ethyl butyrate did so in about 24 hr. 

It was noticed that rods spun do-wn after having been 
separated were contaminated with many black particles. 
Attempts were made to separate these small particles using 
a fine spatula. A t3?pical experiment was as follows : the rods 
were divided into two portions : (1) was used ns a control and 
(2) was separated into (2 a) rods relatively free from black 
particles and (2 b) rods contaminated with black particles. 
The values of P400 were respectively 0-282, 0-312 and 0-362. 
In another experiment the ‘ clean ’ rods gave P400 =0-30 and 
contaminated rods gave P4 ck)~®' 3’'* The conclusion to be 
drawn from this experiment was that even the ‘cleaned’ 
rods gave less pure solutions than those obtained from un- 
treated rods. 

Treatment with formaldehyde. Although ordinary 
formaldehyde solutions (40%, w/v) at once de- 
stroyed rhodopsin it was found that a neutralized 
solution (i.e. left to stand -with magnesium carbon- 
ate overnight) did not. It was foimd that solutions 
of rhodopsin prepared from rods treated with 
formaldehyde had a value of P275 lower than had 
been obtained previously and that 10 min. in 
formol was the optimum time of treatment (Tables 
1 and 2). Good results were obtained by combining 
formol treatment -with differential centrifugation 
(see below) in winter and spring, but the results in 
summer were unsatisfactory (Table 2). The purest 
cattle rhodopsin solution obtained by this method 
had ^400 = 0-23 6, P275 — 2*05 at pH 9*3 (Fig. 2). Later 
e::^eriments have sho-wn that it is better to treat 
with alum before the formol treatment. 

Attempts to remove impurities from rhodopsin 
solutions. V arious attempts were made to precipitate 
the rhodopsin from its digitonin solution in the hope 
that impurities would be left in solution. Acetone 
was tried first; this solvent destroys rhodopsin at 
room temperature but not at 0°. However, it was 
foimd that all the protein present was precipitated 
andthatnopurificationresulted. Addition of acetone 
in steps might be more successful if combined -with 
facilities for low temperature centrifugation. 
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Sodiiim sulphate and magnesium sulphate and 
sodium chloride were next tried, but did not result in 
any improvement when the precipitated rhodopsin 
was redissolved. Ammonium sulphate was more 
successful. 

Table 1. Ejfect of duration of treatment of rods 
until formaldehyde on purity of rhodopsin 

(Cattle rod outer segments were treated with neutralized 
formaldehyde solution for various periods and then 
treated with alum and extracted with digitonin solution as 
usual. The data refers to the absorption spectra of the 
resulting solutions.) 


Time in formol 




(min.) 

P 400 

At5 

PbOOmii. 


First experiment 


0 

0-322 

3-3 

0-251 

10 

0-318 

2-45 

0-277 

20 

0-322 

2-55 

0-192 

40 

0-350 

2-88 

0-148 

17 hr. 

About half of the rhodopsin destroy 


Second experiment 


0 

0-330 

3-64 

— 

5 

0-295 

2-45 

— 

10 

0-295 

2-11 

— 

15 

0-300 

2-18 

— 
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original solution. The second fraction contained a 
little rhodopsin of low optical. purity. Fractions 3 
and 4 contained no rhodopsin, but had maxima 
near 270 mp. 

These results showed that rhodopsin solutions 
contained irrelevant material absorbing at 275 mp/ 
and that some of this impurity could be removed by 
fractional precipitation with ammonium sulphate. 
Better results were obtained later by another 
method. 

Modifications of Saito’s method 

Differential centrifugation. Rods from twenty- 
four ox eyes were prepared by Saito’s method. The 
sugar suspension was diluted with 3 vol. of saline 
and centrifuged for 2 min. only at 1200 g. The pre- 
cipitate was treated with alum and the supernatant 
cleared by centrifuging for 15 min. at 1800 g, and 
this second precipitate was also treated with aliun. 
'V’iTien the prepipitates were extracted, the values of 
-f ’400 were 0-28 and 0-38 respectively. The value of 
-P 27 S for the first solution was 2-29. 

It was found that for this method to be effective 
the eyes had to be dissected and extracted very soon 
after death. Another disadvantage was the low 
yield — ^less than 20 % of the total rhodopsLu/retina. 


Table 2. The effects of treating rod outer segments with formaldehyde solution on purity 

and yield of rhodopsin 

(Cattle rod outer segments were treated uith neutralized formaldehyde solution for 10 min., then with alum for 1 hr. and 
extracted as usual with digitonin solution. The data refer to the absorption spectra of the resulting solutions.) 

Solutions prepared in the winter 


Formol treatment 

A 


No formol treatment 

A .. ■ _ 

P 400 Yield* 

Fits 

Yield* , 


Mean 

0-303 

0-056 

2-80 

0-293 

0-066 

3-84 

Standard error 

0-0089 

0-0075 

0-15 

0-0096 

0-0064 

0-33 

No. of samples 

19 

18 

19 

13 

12 

14 

Range 

0-236-0-39 

0-02-0-14 

2-05-4-9 

0-217-0-34 

0-03-0-10 

2-8-7-2 



Solutions prepared in the summer 





Formol treatment 

-A 

No formol 

A 

treatment 




f 

■f*400 

■P 275 

P 400 

\ 

-P 275 



Mean 

0-515 

6-9 

0-324 

4-1 



Standard error 

0-0605 

0-87 

0-017 

0-29 



No. of samples 

11 

10 

11 

9 



Range 

0-26-0-93 

2-9-11-3 

0-27-0-44 

2-95-5-9 



* yjg]^ _ to rhodopsin) x (vol. of soln.) 

(No. of retinas) 


Rods from fifty cattle eyes were extracted three 
times mth 1 ml. of 0-5 % digitonin solution and the 
combined extracts were mixed wdth an equal volume 
of buffer, pH 4-5. The resulting solution had 
0‘575, P 2 ;s = 7-7. On adding increasing 
amounts of solid ammonium sulphate four fractions 
were obtained. The first contained most, of the 
rhodopsin, Po^jandP^oo both being lower than in the 


The sugar gradient method. Tire combination of 
lifferential centrifugation and extreme freshness of 
he eyes in the Saito method produced many solu- 
ions of cattle rhodopsin purer than had ever been 
>btained before, but in view of the low yield and the 
lifficulty experienced in obtaining sufficiently fres 1 
yes a new modification was developed and is 
[escribed below. 
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Retinas ate shaken vigorously 'vrith about half their 
volume of 0-9 % (wl v) saline in order to detach the rod outer 
se<Tnents. The mixture is stirred into a piece of 60-mesh 
brass gauze shaped in the form of a hollovr until all the liquid 
has passed through, vrhereupon the retinal debris is trans- 
ferred to a glass tube and shaken again vrith saline. This 
treatment is done four times, after vrhich the retinal fibro^ 
mass becomes considerably reduced in bulk and is usuallj 
colourless. The resrdting suspension contains tissue frag- 
ments, blood, melanin and rods. It is transferred to a 
centrifuge tube, •srhich should not be more than three-fifths 
filled by it. Saturated sucrose solution — greater than 

2-0 II is now carefully poured down the side of the tube so as 

to form a lower layer of about half the volume of the saline 



Fig. 1. This diagram shows the disposition of the various 
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Tlie strongest ones u'ere, of course, on the bottom, 
and the boundaries between the solutions could be 
clearly seen. Tlieir positions were then marked. TJie 
crude saline suspension of rods was pipetted on top 
of them all and the whole centrifuged. It was found 
that cattle rods are isopycnotic with 0-88 ( ± 0-15)M- 
sucrose, while the blood celts, etc., come to rest in 
sucrose of greater than l-Oir. This being so, it was 
hoped that, by making a series with a deep O'OIii 
layer, the rods could be separated a long way from 
the blood cells. The idea was eventually abandoned, 
however, since once the teclmique had been learned 
the stirring method was far less tedious. The rods 
from frogs appear to be denser than cattle rods. 


Table 3. Variations in the purity and yield oj 
rhodopsin solutions from rod outer segments pre- 
pared by the sugar gradient method 


(Cattle rod outer segments were separated by flotation in 
sucrose solution with a density gradient. The isolated rods 
were treated with alum and extracted with digitonin 
solution. The data refer to the absorption spectra of the 



■P400 

Pzrs 

Yield* 

Ilean 

0-293 

3-83 

0-212 

Standard error 

0-0061 

0-13 

0-03S 

Xo. of samples 

16 

14 

11 

Range 

0-26-0-34 

3-1-4-5 

0-05-0-49 


* Yield 

(Extinction at 500 mp. due to rhodopsin) x (vol. of sola.) 
~ (Xo, of retinas) 


tissue fisagments after being centrifuged in sucrose solu- 
tion in which a density gradient had been established as 
described in the text (p. 295). A, pale opalescent solution 
containing some protein; B, dense, deep scarlet, layer of 
rod outer segments; C, faintly pink opalescent layer con- 


If the rod preparation was not very pure, then a 
repetition of the gradient process effected an im- 
provement, but further treatments only worsened 
the preparation, due, no doubt, to excessive handling 


taining a few rod outer segments and some small tissue 
fragments; P, dense, dark red, layer containing mostly 
red blood cells; E, densely packed layer, containing the 
greater bulk of the disintegrated retina as well as melanin 
grannies; P, colourless, almost saturated, sucrose. 


of the rods. In any second purification, the top 
layer was usually water-clear,- but a little retinal 
tissue could be seen luider the rod ‘band’. 

Table 3 shows that the yield of rhodopsin per 
retina is greatly improved and that the values of 


suspension. The next part of the process requires practice. 
A flat-ended glass rod is used, and with it the saline-sogar 
interface is stirred. The object is to produce a gradient of 
concentrations of sucrose down the tube, ranging from zero, 
i.e. saline only, at the top, through gradually increasing 
concentrations, to saturated sucrose at the bottom. The 
tube is then centrifuged at ISOOg for 15-20 min. On re- 
moving the tube from the centrifuge, all the components of 
the suspension are found to have accumulated in their own 
pycnotic level. 


F401, indicate fairly good purity. 

For these procedures it was unnecessary to use 
extremely fresh eyes. On one occasion isO eyes 
were treated in one day and, although the time 
taken for dissection and treatment was consider- 
able, the value of for an extract of some of the 
resulting rods was 0-30. 

iHacroscopic examination of rod suspensions 


Fig. 1 shows a diagram of an actual separation. The various 
zones are sucked off using a tube drawn oat at the end and 
turned up so as to resemble a crochet hook. The rods are 
diluted with 2-3 vol. of saline and centrifuged down. 

It was found that sucrose solutions in a series of 
strengthsfrom 0-76 to M7ii at 0-06 intem-als could, 
bj careful pipetting, be placed one on top of another 
in a centrifuge tube without mixing appreciably. 


in the course of various treatments 
Xo staining or fixing was used. 

(a) Sugar separation, (i) Crude rod suspension. Rods were 
mostly mtact with many red blood cells and other, not 
easily distinguished, tissue fragments present, (ii) After 
a sugar separation. Some rods were deformed, but the 
majority were TOchanged. Very few other tissue fiatunents 
were present, (iii) After another sugar separation. Very few 
mtact rods remained. 
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(6) Effect of time on a rod suspension in 0-9 % (w/v) NaCl. 
(i) Eresh — ^rods remained intact, (ii) 0-6-1 hr. — some 
changes were noticed, (iii) 1-2 hr. — ^many deformed and 
broken rods were seen, (iv) 3 or more hr. — ^veiy few intact 
rods remained. 

(c) Effect of various reagents on rod suspensions, 
(i) Formaldehyde (40 % neutralized) — the rods were seen to 
curl up forniing almost complete circles and sedimented 
readily, (ii) Digitonin solutions — ^the rods were broken up 
completely, (iii) Alum solutions (4%, w/v) — ^the rods were 
broken up completely and sedimented quickly, (iv) A solu- 
tion containing 2% formaldehyde and 0-9% K.C1 — the 
same changes occurred as described under (6) but a little 
more slowly. 

DISCUSSION AND CONCLUSIONS 

Separation of rod outer segments 

The separation of rod outer segments from the 
other tissue fragments present in the initial crude 
suspension depends on two factors, the size and the 
density of the rods. The rods are fairly large (about 
3 X 30 fi.) and sediment rapidly in water even if the 
.centrifugal force is as low as 600 g. In this respect 
they are comparable to red blood cells and nuclei. 
However, the rods differ from blood cells and nuclei 
in one important property, they are less dense and 
will float in 0-88M-sucrose (sp.gr. = 1-114). 

If these were all the facts then the methods 
described would separate rods from all tissue frag- 
ments except (a) particles isopycnotic with rods, 
and {b) particles so small that, at the centrifugal 
forces used (about 1800 g), they are removed too 
slowly from the rod zone. A second separation 
should enable the majority of small particles not 
isopycnotic with the rods to be eliminated. This pre- 
supposes that rod outer segments are stable. How- 
ever, microscopic examination reveals quite clearly 
that they are not and that they fragment. This 
explains why a repetition of a sugar separation does 
not result in any great improvement. As the rods 
break up greater centrifugal forces would become 
necessary to effect a separation. This was not con- 
sidered practical, and the writers prefer one sugar 
separation performed as quickly and as efficiently as 
possible. Subsequent treatments with alum and 
neutralized formaldehyde yield solutions which are 
very pure. 

A recent study, using the electron microscope, of 
rod outer segments by Sjostrand (1949) indicates 
that rods are composed of several thousand disks 
each about 3 m/i. thick. He records the fact that 
rods when broken up yield fragments which may 
contain a few disks or many hundreds. This is in 
good agreement with our own observations and 
reveals stUl more clearly the difficulties encmmtered 
in attempting to separate rod outer segments. 

The effect of this fragmentation of rods will be 
manifested in two ways. The first will be the in- 
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creased difficulty of effecting an efficient separation 
from other tissue fragments. The second and per- 
haps more serious will be the presence of submicro- 
scopic particles (fragments containing only a few 
‘dislcs’) which will not be centrifuged out after the 
digitonin extraction. This will make the final 
rhodopsin solution turbid. 

Characteristics of pure {?) rhodopsin 

In the absence of any precise chemical criterion of 
purity spectroscopic ones are used instead. A value 
of below 0-24 to 0-26 has not yet been obtained 
(cf. Wald, 1951). Similarly, a value of P^-,^ of less 
than 2-05 has not been obtained. The curve shown in 
Fig. 2 represents such an absorption curve and it is 
worth while to examine it in detail. 



Fig. 2. -O — 0-, absorption spectrum of a very pure solution 
of cattle rhodopsin, pH 9-2; x x x, relative photo- 
chemical efficiencies. [(e;^ X yA)/f600ni;i. ^ Tsoo 
by a factor so that the two curves correspond at 600 mg., 
after Schneider ef ol. (1939)]. absorption 

spectrum of bleached solution (cf. Collins & Morton, 

1950); , extrapolation indicating probable 

absorption of the rhodopsin chromophore below 320 mg- 

In Fig. 2 it is shown that a very close correspon- 
dence exists between the rhodopsin absorption curve, 
and the relative photochemical efficiency curve 0 
Schneider, Goodeve &Lythgoe (1939).Thelastc^e 
predicts a small peak near to 350 mp. which is m 
fact found. It also predicts that at 254 mg- t ® 
absorption of the rhodopsin chromophore should © 
only about 6% of that at 500 mp. A plausi e 
extrapolation for the absorption due to rhodopsin 
cliromophore is shown in Fig. 2 by means of das e^ 
The difference between this and that actually foun 
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wiU be due to the protein containing tyrosme and 
tryptophan and can be calculated as follows. If 
represents the total extinction at 280 m/i. after 
subtracting the absorption due to the rhodopsm 
chromophore, and fs the corresponding value at 
290 m/x. then 

jE;j5o=0-448x + 0-710!/. 

Here x= extinction at 280 m/x. due to tyrosme and 
y=extinction at 290 m/x. due to tryptophan, both 
at pH 9-2. (Collins & Morton, 1950, give similar 
equations; the difference is due to the fact that a 
purer sample of tryptophan was obtained for the 
present work.) 


animal proteins is of the same order; casein (6-0 and 
1-2), cattle fibrin (G-6and 3-0),haomoglobm (3-2 and 
1-3) serum albumin (4-8 and 0-6) and serum globulm 

(6-7 and 2-3). , . .n x 

It should be pointed out that the conclusion that 

the only absorbing materials present are the 
rhodopsm chromophore, tjTOsino and tryptophan 
does not exclude small amounts of phenylalanine, 
nucleotides or other unidentified materials ab- 
sorbing in the region 250--300 mp. 

It is not yet possible to say if the rhodopsm 
solutions now obtainable are ‘pure’, but they are in 
very close agreement with the results obtained by 
Wald and his co-workers (Wald, 1951). It seems 
likely that any contaminants present show no 


X 

(m/x.) 

300 

290 

285 

280 

275 

270 

265 

260 

255 

250 


Table 4. Analysis of the ultraviolet absorption of a rliodopain solution 


(Solution in 1% (w/v) aqueous digitonin and borate buffer, pH 9-2.) 


(1) 

(2) 

(3) 

(4) 

(5) 

( G ) 

(7) 

0*199 

0076 

0-123 

0-085 

0-052 

0-137 

-0-014 

0*491 

0-058 

0-433* 

0-127 

0-303 

0-432 

+0-001 

0*681 

0-053 

0-628 

0-214 

0-370 

0-584 

+0-044 

0*764 

0051 

0-713* 

0-283 

0-430 

0-713 

0-000 

0*753 

0-047 

0-706 

0-297 

0-415 

0-712 

-0-006 

0*681 

0-044 

0-637 

0-252 

0-398 

0-650 

-0-013 

0-600 

0-042 

0-558 

0-213 

0-344 

0-557 

+0-001 

0*529 

0-041 

0-488 

0-188 

0-282 

0-470 

+0-018 

0*498 

0-040 

0-458 

0-235 

0-216 

0-451 

+ 0-007 

0*552 

0-040 

0-512 

0-382 

0-164 

0-546 

-0-034 


Extinction due to: (1) Actual rbodopsin solution. 

(2) Rbodopsin chromophore. 

Extrapolation making the assumptions mentioned in text (p. 297). 

(3) Difference between (1) and (2). 

(4) Calculated absorption due to tyrosine. 

(5) Calculated absorption due to tryptophan. 

(6) Sum of (4) and (5). 

(7) Difference between (3) and (6). 

♦ (4) and (5) were calculated from these figures using the equations given in the text (p. 297). 


In Table 4 is set out the results of an analysis of the 
curve shown in Fig . 2 . The absorption due to tyrosine 
and tryptophan at 280 m /x. has been calculated and, 
from the curves of pure tyrosine and tryoptophan, 
the absorption due to these substances has been 
calculated at other wavelengths. Mfiien this ab- 
sorption, calculated to be due to tyrosine and 
tryptophan, is subtracted from the protein curve 
( rbodopsin less absorption due to the rhodopsm 
clnomophore) the differences are small and are both 
positive and negative. It may be concluded that, 
w-ithin these limits, the absorption of rhodopsin can 
be accounted for in terms of the rhodopsin chromo- 
phore, tyrosine and trj'ptophan. If one assumes the 
data given by Collins & Morton (1950) for the 
of rhodopsin ( = 6-6 at 500 m/x.), tyrosine ( = 78 at 
280 m/x. at pH 9-2) and trjrptophan ( = 262 at 
280 in/x. at pH 9-2) the approximate amounts of 
tyrosine and tryptophan as a percentage of the dry 
weight of rhodopsm are 6 and 3 respectively. The 
porcentago of tyrosine and trj-ptophan in other 


absorption in the region 250-700 m/i. and that the 
solutions are sufficiently pure for chemical analyses 
to be meaningful. 

SUMMARY 

1. Various methods for the separation of rod 
outer segments from cattle retinas have been in- 
vestigated, attention being paid to the optical 
purity of the rhodopsin solutions obtained by 
extraction of the rod outer segments. 

2. A new method has been developed depending 
on the fact that cattle rods have the same density 
as 0-88M-sucrose. The rods are separated by centri- 
fuging them in a sucrose solution in which a density 
gradient has been established. 

3. Various treatments of the isolated rods have 
been tried in order to eliminate impurities. The best 
results have been obtained by treating with 4% 
(w/v) alum solution for 1 hr. followed by 40 % (w/v) 
neutralized formaldehyde solution for 10 min. 
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4, The effects of these various treatments on the 
appearance of the rods has been followed micro- 
scopically. 

6. Very pure cattle rhodopsin solutions have 
been obtained showing maxima at 498, 345 and 
275 m/i. The last band can be accoimted for by the 
presence of tyrosine and tryptophan only. Making 
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some plausible assumptions, rhodopsin appears to 
contain 6 % tyrosine and 3 % tryptophan on the 
' dry weight of the protein. 

We would like to thank the Medical Research Council for 
grants. One of ua (P.D.C ) participated in this work as 
a holder of an Imperial Chemical Industries Research 
Fellowship. 
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Estimation of Protamine and Insulin in Protamine Zinc Insulin 

By F. a. ROBINSON and laTTY L. A. FEHR 
Research Division, Allen and Hanburys Ltd., Ware, Hertfordshire 

{Received 5 September 1951 ) 


In a recent publication, Franklin & Quastel (1950) 
reported that mixtures of proteins could be separ- 
ated into their individual components by paper 
chromatography using solutions of sucrose or sodium 
potassium tartrate for development. The difficulty 
of locating the position of the protein zones was 
overcome by adding haemin to the protein mixture 
and then streaking the paper with a solution of 
benzidine and hydrogen peroxide. Jones & Michael 
(1950) separated proteins on columns of cellulose 
by development with buffer solutions containing 
ammonium sulphate and located the position of the 
individual components by treatment with suitable 
dyestuffs which stained the zones occupied by the 
proteins, but did not give coloured spots with amino- 
acids or peptides. More recently, Papastamatis & 
Willdnson (1951) used bromothymol blue and 
tetrabromophenolphthalein ethyl ester to indicate 
the position occupied by proteins in paper chromato- 
grams. The publication of this last paper prompts 
us to report our own work on the chromatographic 
separation and estimation of protamine and insulin. 

The initial experiments on the separation of 
insulin and protamine by paper chromatography 
were carried out with strips of VTiatman no. 1 
filter paper 2 cm. wide, using 10 pi. spots of a solution 
containing 1 % protamine sulphate and 1 % insulin 
(w/v). The strips were developed in a downwards 
direction in the usual way according to the method of 


Consden, Gordon & Martin (1944) with the phases of 
amixture (by vol.) ofn-butanol (40 %), glacial acetic 
acid (10%) and w'ater (50%), a mixture generally 
used in the paper cliromatography of amino-acids. 
Solway purple, as recommended by J ones & Michael, 
was used for indicating the position of the protein 
bands. Two bands were formed, one due to prot- 
amine at the point of application and the other 
due to insulin, some 6 cm. below the point of appli- 
cation; the solvent front travelled about 25 cm. Tlie 
separation was not entirely complete, however, and 
a number of other solvent mixtures were tried. 
Better results were eventually obtained with the 
upper phase obtained by equilibrating a mixture of 
n-butanol and glacial acetic acid (3 : 1 by vol.) with 
an equal volume of water. This resulted in the 
formation of two well-defined bands w’ith values 
of 0 and 0-43 respectively, and this mixture was 
used in all subsequent wmrk. 

The estimation of substances separated by 
chromatography often presents considerable di - 
culty, although fairly satisfactory methods o 
estimating individual amino-acids on paper c iro- 
matograms have recently been described, 
occmred to us that a protein might be estimate 
with a fair degree of accuracy by the metho 0 
retention analysis described by Wieland & Fisc ler 
(1948). These w'orkers showed that if a spot o an 
amino-acid solution was placed near the edge 0 a 
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sheet of filter paper and the paper then dipped into 
a solution of a cupric salt, the latter was d^a^vn up 
hy the paper and cupric ions became uniformly 
distributed throughout the paper except in the area 
immediately above the amino-acid spot. In this 
region no copper could be detected on subsequently 
spraying with a suitable indicator, because the 
amino-acid retained the copper ions in the form of 
a complex, thus preventing them from passing 
further up the paper. The area of the white copper- 
free wedge formed above the spot was proportional 
to the amount of amino-acid present. It was thought 
possible that the same principle could be applied to 
the estimation of a protein using instead of a copper 
salt a solution of a dyestuff with an affinity for the 
particular protein concerned. 

To test this hypothesis spots of diff'erent sizes of 
solutions of insulin, protamine sulphate, blood 
albumin and edestin were applied to rectangular 
sheets of filter paper, and the filter papers dried and 
dipped into solutions of Solway purple or erythro- 
sine. The dyes were allowed to rise about 5 cm. above 
the protein spots. In every instance a wedge-shaped 
area above the protein spot remained white and the 
areas of these wedges were approximately propor- 
tional to the amount of protein present. 

Attempts were then made to apply retention 
analysis to mixtures of protamine sulphate and 
insulin after separation by paper chromatography. 
A spot of the solution to be tested was applied at 
one comer of a rectangular sheet of filter paper. 
The paper was developed along the longer axis with 
the aqueous butanol-acetic acid mixture and dried. 
It was then cut in such a way as to separate the 
protamine which remained at the point of applica- 
tion from the insulin spot which had moved about 
10 cm. away from it. Both halves of the paper were 
then dipped in a dye solution imtil the dye had risen 
about 5 cm. above the protein spot. Estimates of 
the amount of protamine calculated from the area 
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satisfactorj' results for the estimation of insulin 
after chromatographic separation from protamine. 
A number of other dyes were examined, but none 
gave better results than bromocresol green. 

EXPERIMENTAL 

Separation of insulin from protamine by 
chromatography 

In preliminary e.vperiraents 10 pi. drops of a 1% (w/v) 
protein solution, as well as a mixture of protamine sulphate 
and insulin solutions, were placed on Whatman no. 1 
filter-paper strips (2 cm. broad) and developed with a large 
number of solvent mixtures. Each of the protein solutions 
when examined separately gave single spots. The protamine 
sulphate was derived from salmon milt and the insulin 
from ox pancreas. 

The mixture found to be most satisfactory for the 
separation of protamine from insulin was the upper phase 
obtained b 3 ' equilibrating n-butanol, glacial acetic acid 
and water (3:1:4 by vol.). This solvent mixture gave a 
clean separation of protamine and insulin with Ep values 
of 0-00 and 0'43-0’45 respectively. 

Retention analysis of proteins 

Preliminary experiments were carried out with solutions 
of insulin, protamine sulphate, blood albumin and edestin, 
varying the concentrations and volumes of the solutions 
used. A drop of each solution was placed 2 cm. from the 
lower edge of a rectangular piece of Whatman no. 1 filter 
paper, which was suspended vertically in a covered beaker 
so that the lower edge of the paper dipped about 1 cm. into 
the dye solution. The dye was allowed to rise about 5 cm. 
above the protein spots, and the paper was then dried. 
The white portion above the spot was traced on to graph 
paper and its area measured. 

Using a 0-1 % (w/v) solution of erythrosine, the results 
recorded in Table 1 were obtained. Fig. 1 illustrates the 

Table 1. Effect of concentration and drop size on the 
retention analysis of protein solutions with erythrosine 


of the unstained wedge above the protamine spot 
W'ere in fair agreement with the amount of protamine 
known to be present, but it was impossible to 
estimate the amount of insulin in a similar manner 
because the insulin spot, in contrast to the prot- 
amine spot, was very diffuse, marked ‘tailing’ 
generally having occurred. All attempts to sharpen 
the insulin zone so as to make it amenable to reten- 
tion analj'sis have been unsuccessful. 

At this stage we learnt that Dr W. Dickinson had 
used bromocresol green for indicating the position 
of different protein bands in paper chromatograms 
of crude insulin solutions and had succeeded in 
eluting the insulin bands from such paper chromato- 
grams by means of a borate buffer solution of pH 9-2 • 
the colour of the eluate was proportional to the 
amount of uisulin present. We therefore investi- 
gated tins method and found that we obtained 


(For experimental procedure see text.) 
Concentra- 



tion of 

Volume Retention 

Relative 


solution 

of drop 

area 

retention 

Protein 

(%. 

(f^l.) 

(sq.mm.) 

areas 

Insulin 

1 

5 

61 

1-0 


1 

10 

102 

1-7 


1 

20 

202 

3-3 

Protamine 

1 

5 

99 

1-0 

sulphate 

1 

10 

198 

2-0 


1 

20 

356 

3-6 

Protamine 

0-2 

5 

81 

1-0 

sulphate 

0'4 

5 

180 

2-2 


0-6 

5 

285 

3-5 


0-8 

5 

365 

4-5 

Blood 

0-125 

10 

55 

l-O 

albumin 

0-25 

10 

114 

2-1 


0-5 

10 

167 

3-0 

Edestin 

1 

10 

18 ■ 

1-0 


2 

10 

38 

2-1 
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appearance after retention analysis of filter papers to -which 
5 pi. spots of 0-2, 04, 0-6 and 0-8% (w/v) protamine 
sulphate solutions had been applied. 


solution ; from the positions of the t-wo coloured zones thus 
formed, the positions of the insulin and protamine on the 
undyed strip were noted. ■ 



Kg. 1. Paper chromatograms obtained by retention analysis of 5 pi. spots of (a) 0-2, (6) 04, (c) 0 6 and (d) /oil 

protamine sulphate solution -with 0-1% erythrosine solution. 


Attempted estimation of insulin and protamine 
by retention analysis 

Portions (20 pi.) of 1% insulin solution and of 1% 
protamine sulphate solution -were mixed and half of the 
mixture applied to each of two 10 cm. strips of Whatman 
no. 1 filter paper, which were then developed -with the 
aqueous butanol-acetic acid mixture. The strips were dried 
and one was dipped into a 0'1% (w/v) Solway purple 


This assay strip was cut into four portions eao a 
i cm. wide, one portion containing the ’ 

mother the insulin zone and the third and fourth po 
jontaining no protein. Measured amounts (10 h>-) ° . ° 

nsulin solution and of 1% protamine sulphate soiu 
vere applied to the third and fourth portions resp 
» serve as standards. 

These four portions of the chromatogram were 
malysed as described above -with a 04 % so u 
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erythrosme, this having been found to work better with 
protamine than did Solway purple. 

The following retention areas were obtained: standard 
(10 pi. of 1% insulin solution) = 123 sq.mm.; test solution 
(insulin band) = 179 sq.mm.; standard (10 pi. of 1% 
protamine sulphate solution) =312 sq.mm.; test solution 
(protamine band) =320 sq.mm. 

From these results the insulin zone is apparently equi- 
valent to 14-6 pi. of a 1% insulin solution, whereas only 
10 pi. of 1% insulin solution had been chromatographed. 
The protamine zone, on the other hand, gave an area 
equivalent to 10‘2pl. of 1% protamine sulphate solution, 
a result in excellent agreement with the theoretical value 
of 10 pi. 

Presumably, therefore, before insulin can be estimated 
by retention analysis it is essential that a more compact, 
zone should be obtained than is formed when insulin is 
chromatographed with the solvent mixture described above. 
In an attempt to obtain a more suitable insulin zone, 
another chromatogram was prepared as before. The portion 
containing the protamine zone was out off and the insulin 
zones were developed further with dilute acetic acid (1 part 


301 

since this remained in the form of a compact spot readily 
amenable to retention analysis. Various samples of prot- 
amine zinc insulin were freed from insulin by paper 
chromatography and the residual protamine spot was 
assayed by retention analysis. Portions of the precipitates 
and supernatant liquors from these samples were also 
examined in the same way in order to obtain an estimate 
of the distribution of the protamine between the precipitates 
and the supernatant solutions. This was done by centri- 
fuging portions of the protamine zinc insulin sample under 
investigation, separating the supernatant liquor from the 
precipitate, dissolving the latter in a few drops of dilute 
HCl and diluting the solution thus obtained to the original 
volume with distilled water. Portions (50 pi.) of the original 
protamine zinc insulin suspension, the supernatant liquor, 
and the dissolved precipitate were chromatographed and 
the protamine-containing portions of the filter papers were 
examined by retention analysis as described abovm. The 
protamine content was calculated from the retention areas 
by reference to a standard curve prepared by treating in 
a similar manner standard solutions of protamine sulphate. 
The results are shown in Table 2. 
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Table 2. Protamine and insulin contents of various samples of protamine zinc insulin 
(For analytical procedures see text. Figures in table are mg./lOO ml. Values given are mean and range. 


Protamine zinc insulin 
sample no. 

Figures in 

brackets represent number of assays done.) 

Insulin 

A 

Protamme 

A 

Total 

Precipitate 

Supernatant 

Total 

Precipitate 

AB836 (40 units) 

162 ± 6 (5) 

162 ±30 (4) 

Too low to 
measure 

30± 9(6) 

34 ± 7 (2) 

C208165 (40 units) 

204 ± 3 (2) 

250 (1) 

Too low to 
measure 

50 ±10 (6) 

51 ± 6 (3) 

S919 (40 units) 

170± 7 (3) 

133 ± 3 (2) 

Too low to 
measure 

36 ±10 (6) 

39 ± 6 (3) 

SD 342442 (40 units) 

160±13 (2) 

151 (1) 

Too low to 
measure 

41 ±11 (5) 

31±10 (2) 

L4134 (40 units) 

158 ± 8 (2) 

178 ± 1 (2) 

TooTow to 
measure 

42 ± 8 (5) 

46 ± 3 (2) 

07610 (40 units) 

— 

— 

— 

8± 2 (5) 

4± 4(3) 

B119 (40 units) 

150±34 (5) 

134 ±10 (3) 

Too low .to 
measure 

43 ± 4 (6) 

44± 0 (2) 

B120 (40 units) 

155±18 (7) 

156 ± 1 (2) 

Too low to 
measure 

48± 9(5) 

38 ± 7 (4) 

B121 (40 units) 

187 ±35 (5) 

150 ±19 (3) 

Too low to 
measure 

51± 6(6) 

42 ± 1 (2) 

B122 (80 units) 

335±31 (3) 

338±25 (3) 

Too low to 
measure 

96± 8(6) 

86 ± 7 (2) 


glacial acetic acid to 4 parts of water), which had been 
BhoTO m preliminary experiments to form a compact zone 
at the solvent front. The resulting zone was retention- 
analysed as before, with the following results: standard 
lOph of 1% msuhn 8olution)=117 sq.mm.; test solution 
(msuhn band) = 151 sq.mm. Again the result was higher 
than anticipated, the area being equivalent to 12-9 ul. 
instead of lOpl. of 1% Insulin solution. 

Estimation of protamine in protamine zinc insulin 
As the retent ion analysis of insulin after separation from 
protamine by chromatography gave unsatisfactory results 
attention was concentrated on the estimation of protamfre 


Supernatant 

Too low to 
measure (2) 

5±5 (3) 

4±4 (4) 

Too low to 
measure (1) 

3±3 (2) 

7±6 (3) 

Too low to 
measure (1) 

Too low to 
measure (1) 

Too low to 
measure (1) 

Too low to 
measure (2) 


Estimation of insulin in protamine zinc insulin 
The amount of insulin present in the volume of protami 
zme msuhn suspension adequate for the estiLtion 
protamme was found to be insufficient for the estimati 
of msulm by Dickinson’s method. Accordingly a seco 

Sheet of Whatman no. 1 filter paper. Up to 400 pi ofl 
solution were streaked in a broad bandLross Le' end 
the paper and about 6 cm. from the erl^p T’l.p T “ 
^am was then developed with the upper phase obtefr 
by equihbratmg a mixture of n-butanol i 75 o / 1 
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in a 0-02% (w/v) aqueous solution of bromocresol green 
for 5 min. This resulted in adsorption of the dye by both 
the protamine band and the insulin band. The background 
colour was removed by washing the strips for 20 min. in 
three changes of 2 % (w/v) acetic acid and the strips were 
then dried. Fig. 2 illustrates the appearance of a typical 
chromatogram after exposure to ammonia vapour to 
intensify the colour. A section 6 cm. wide containing the 
insulin band was cut out and supported vertically with 
the upper end bent over and dipping into a borate buffer 
solution of pH 9-2. This was prepared by mixing 50 ml. of 
O-lsi-boric acid in 0-2M-KC1 solution with 26-7 ml. of 
0-2N-NaOH solution and diluting to 200 ml. Tliis eluted 
the insulin-dye complex, and the eluate, which was collected 
at the lower end of the strip, was made up to 10 ml. 
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A 50/i.l. spot of the solution was applied to a rectangular 
sheet of filter paper (10 x 30 cm.) 2 cm. from the longer and 
8 cm. from the shorter edge. The latter was bent over so 
that it dipped 3 cm. into the trough of the chromatographic 
apparatus containing the upper phase of the 7 i-butanoI- 
glacial acetic acid-water mixture described above. After 
development in a closed vessel for about 8 hr., during which 
time the solvent front travelled the whole length of the 
paper and the insulin spot moved about 15 cm., the filter 
paper was dried in a current of warm air. A 3 cm. strip was 
then out from the end of the paper that had been immersed 
in the solvent, and discarded. The remaining sheet was cut 
into two portions 10 cm. from the new edge thus formed, 
and the smaller of the two pieces, containing the protamine 
spot 2 cm. from one edge, was supported with this edge 



Fig. 2. Paper chromatogram showing bands of protamine (above) and insulin (below) obtained by developing protamine 
zinc insulin solution with aqueous butanol-acetic acid and staining with bromocresol green solution. 


A 6 cm. portion containing no protein band was cut out 
from the paper and eluted in the same way for use as a 
blank. The optical density of the eluate was measured 
.against the blank solution in a Spekker absorptiometer 
using Ilford filter no. 607. 

Portions of insulin solutions of various concentrations 
were chromatographed and the insulin hands treated as 
described above. A graph was plotted connecting the 
insulin concentration with the absorptiometer reading. 
The relation was found to be linear between 0-25 and 1-5% 
of insulin. The insulin content of the unknown solution was 
calculated from this standard curve. The results are shown 
in Table 2. 

Recommended method for the estimation of protamine 
and insulin in protamine zinc insulin 
The procedure finally adopted for the estimation of 
protamine and insulin in protamine zinc insulin suspension 
was as follows; 


dipping into a 0-1% solution of erythrosine and the dye 
allowed to rise about 5 cm. above the spot. The area of the 
white V-shaped wedge was then measured by tracing on to 
graph paper and the results calculated from a standard 
curve prepared by treating known amounts of protamme 
in the same manner. 

To estimate the insulin content a fresh chromatogram 
was prepared by streaking 200-400 ftl. of protamine zinc 
insulin solution about 6 cm. from and parallel to the shorter 
edge of a rectangular sheet of filter paper similar to that 
used in the protamine estimation. The chromatogram was 
developed and dried as before. The paper was dipped into 
a 0-02 % solution of bromocresol green for 5 min. and then 
washed for 20 min. in three changes of 2 % acetic acid to 
remove the background colour. The paper was again dried, 
the portion containing the insulin zone was out out and the 
insulin-dye complex eluted with a borate buffer solution 
(pH 9-2) and subjected to absorptiometry e.vactly as 
described above. 
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1 Insulin can be separated from protamine by 
paper cliromatography developing with the upper 
phase of a mixture of n-butanol, glacial acetic acid 
and water (3:1:4 by vol.). A dye such asbromocresol 
green is used for locating the zones. 

2. The concentration of protamine and of various 
proteins in a solution can be estimated on filter paper 
by retention analysis with a suitable dye, e.g. ery- 
tlirosine. The area of the unstained wedge formed 
above the protein spot is proportional to the amount 
of protein present. Tlie method can be used to 
estimate the amount of protamine in protamine zinc 
insulin after removal of insulin by paper cliromato- 
graphy. 


ZING INSULIN 

3. The concentration of insulin in protamine zmc 
insulin can bo estimated, after separat ing the msu m 
from protamine by paper cliromato^nphy, by 
staining with bromocrcsol green solution, eluting 
the insulin-dyo complex and comparing the co our 
of the elunto with that given by a standard solution 
of insulin treated in the same way. 

4. Data are recorded on the composition of a 
number of suspensions of protamine zinc insulin and 
on the distribution of the components between the 
phases of the suspension. 


Wc thiink the Directors of Alien and Hnnbmys Ltd. and 
The British Drug Houses Ltd. for permission to publish 
this paper. 
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Studies on Cholinesterase 

7. DETERDIINATION OF THE MOLAR CONCENTRATION OF 
PSEUDO-CHOLINESTERASE IN SERU^I 

By D. K. MYERS 

Pharmaco-therapeutic Laboratory, University oj Amsterdam, Amsterdam, Holland 

{Received 17 October 1951) 


The classical theory of reversible enzyme-substrate 
and enzyme -inhibitor reactions postulates that 
enzyme and substrate, or enzyme and inhibitor, 
form a reversible combination according to mass law 
principles (Michaelis & Menten, 1913). The mechan- 
ism of enzyme-inhibitor reactions has been analysed 
from this theoretical standpoint by Straus & Gold- 
stein (1943) and Goldstein (1944), with special 
consideration being given to the concentration of 
free enzjme and free inhibitor. They pointed out 
that the degree of inliibition of enzyme activity 
effected by a certain concentration of inhibitor will 
be dependent in part upon the enzyme concentration 
when the so-called ^dissociation’ or Michaelis con- 
stant of the enzyme-inhibitor system is of the same 
order of magnitude or much smaller than the molar 
enzyme concentration employed. 

The theoretical treatments given by Goldstein 
(1944) were illustrated with experimental data 

obtained, using a pseudo-cholinesterase preparation 


as the source of enzyme and eserine as the enzyme 
inhibitor. In this system it is possible to obtain 
appreciable inhibition of the cholinesterase activity 
with eserine concentrations as low as 10 ~®m; never- 
theless, the degree of inhibition is practically 
independent of enzyme concentration rmder the 
experimental conditions. Thus it was not possible 
to confirm the theoretical formulations completely 
at that time, or to arrive at any definite value for 
enzyme concentration in the cholinesterase system. 

Since that time, other investigators, notably Bain 
(1949), have attempted to determine cholinesterase 
concentration by the use of irreversible allryl- 
phosphate inhibitors such as dnsopropyl fluoro- 
phosphonate (DPP) and tetraethyl pyrophosphate 
(TEPP). The lack of theoretical criteria which could 
be applied to the results with these inhibitors makes 
this a rather unreliable method for determining 
cholinesterase concentration. Moreover, the results 
obtained do not correspond with those expected of 
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an irreversible inhibitor which combines specifically 
and only with the active centre of the cholinesterase 
on an equimolar basis. 

However, it has been observed that the rever- 
sible inhibition of pseudo-cholinesterase by the 
very potent inlnbitor, the dimethylcarbamate of 
(2-hydroxy - 5 - phenylbenzyl) - trimethylammonhun 
bromide (Hu 683), is dependent upon the cholin- 
esterase concentration (Myers, 1950) and that the 
experimental results obtained correspond with the 
theoretical predictions of Straus & Goldstein (1943) 
and Goldstein (1944) for a competitive reversible 
inhibitor of high potency. Evidently the concentra- 
tions of Hu 683 which produce appreciable inhibition 
of pseudo-cholinesterase activity are of the same 
order of magnitude as the concentrations of pseudo- 
cholinesterase. By applying the theoretical formu- 
lations given by Goldstein, pseudo-cholinesterase 
concentration in sermn has been calculated by a 
method which appears to be completely justified 
theoretically. 

METHODS 

The activity of the cholinesterases was measured mano- 
metricaUy by a method similar to those described pre- 
viously (Mendel & Rudney, 1943; Hawkins & Mendel, 
1949; Myers, 1950). The medium used was a 0-02om- 
bicarbonate solution saturated with 5 % CO^ + 95 % (v/v), 
pH 7-4 at 37‘5°. Dialysed human, horse, dog or rat serum 
was used as source of pseudo-cholinesterase, usually with 
O'OOSM-benzoylcholine as substrate (Mendel, MundeU & 
Rudney, 1943). Esterase activity for a wide range of 
cholinesterase concentrations was kept within accurately 
measurable range by varying the total volume of solution 
between 2-0 and 5-0 ml. and by the use of O-OGai-acetyl- 
choline at very low enzyme concentrations with horse and 
human serum. The cholinesterase activity was, however, 
always calculated out to the value it would have had if 
5-0 ml. of the same solution had been used and if benzoyl 
choline had been the substrate. 

The pseudo-cholinesterase inhibitor in most of these 
experiments was Nn683, described by Hawkins & Gunter 
(1946). This inhibitor is BtUl not sufficiently potent to allow 
the calculation of enzyme concentration firom inhibition in 
a system where enzyme, inhibitor and substrate are all 
equilibrated, as has been recommended by Goldstein (1944). 
Therefore, the measurements must of necessity be done 
with a system in which only enzyme and inhibitor are in 
equilibrium. For a competitive reversible enzyme-inhibitor 
system of this kind, the relationship between inhibitor 
concentration I and fractional activity a is expressed as 

— — + (l-a)E (Goldstein, 1944). 
a 

The concentration of inhibitor required to produce 50% 
inhibition of the enzyme activity can be designated as 
When the ratio EIKj<0-l, the concentration will be 
approximately equal to Kj and independent of the enzyme 
concentration E (zone ^4). When EIEj> 100, the concen- 
tration /50 will be directly proportional to Hand independent 
of the Michaelis constant Kj (zone C). For intermediate 
values of EjKj, will depend upon the values of both 
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E and Kj (zone B) (Straus & Goldstein, 1943; Goldstein, 
1944). As will be shown below, the psendo-cbobnesterase- 
eserine system used by Goldstein (1944) must have been in 
zone A. The pseudo-cholinesterase-Nu683 system used in 
the present investigation usually lies in the lower part of 
zone B so that the values of both E and Kj can be accurately 
determined. 

The equation above can be applied only when sufficient 
time has been allowed to ensure complete equilibration of 
the enzyme-inhibitor system. The time of incubation should 
not be too long, however, or errors may be introduced by 
the slow enzymic hydrolysis of the carbamic acid ester 
linkage in the combined inhibitor. Another factor is the 
progressive displacement of combined inhibitor and conse- 
quent increase in the fractional activity caused by the 
addition of substrate to the equilibrated enzyme-inhibitor 
system. The importance of these three factors has been 
stressed by Goldstein (1944), but, as will be described below, 
the possible errors which they would introduce are rela- 
tively small in the case of the enzyme-inhibitor system 
with Nu683 and the psendo-oholinesterase of human or 
horse serum. During the course of these investigations, 
preliminary experiments were done with the H-p-chloro- 
phenyl-A’^-methylcarbamate of m-hydroxyphenyltrimethyl- 
ammonium bromide (Nul250) (Hawkins & Mendel, 1949) 
as inhibitor of the true cholinesterase activity of purified 
human erythrocytes (Mendel & Rudney, 1943). In this case 
the rate of displacement of combined inhibitor by added 
substrate proved to be appreciable under the experimental 
conditions. In addition, the ratio EjKj was still qnite low 
so that the shift in In, was relatively small. Both of these 
factors increase the possibility of error in the estimations 
of enzyme concentration and consequently this enzyme- 
inhibitor system did not seem suitable for an accurate 
determination of cholinesterase concentration. 

For purposes of greater accuracy with Nu683, the value 
of / 51 , at each enzyme concentration was estimated from 
a series of determinations with different inhibitor concen- 
trations covering the range from 10 to 90% inhibition of 
the pseudo-choUnesterase activity. The precise value of 
was obtained by plotting the fractional activity a against 
pi (-log I) for each set of results, as recommended by 
Goldstein (1944). The theoretical equation relating inhibitor 
to enzyme concentration then becomes I,o=Kj+Q-5E. H 
In, is determined for a series of different enzyme concentra- 
tions, a plot of /so against the relative concentration of 
enzyme should give a straight line with intercept equal to 
Kj and a slope equal to one-half the molar concentration of 
enzyme. 

RESULTS 

The most convenient system for accurate deter- 
mination of pseudo -cholinesterase concentration 
was that with Nu683 as inhibitor and the pseudo - 
cholinesterase of dialysed human serum as enzyme. 
It had already been shown (Myers, 1950) that this 
enzyme -inhibitor system exliibits the predicted 
characteristics (Goldstein, 1944) of a competitive 
reversible system for which the ratio of EfKj has 
a value appreciably greater than 0-1 and in which 
the inlnbitor combines specifically with the enzyme 
active centre on an equimolar basis (n = 1). This is 
further illustrated by Fig. 1, in which typical 
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experimental points are compared witli the theo- 
retical curves expected for an enzyme-inhibitor 
system in. zone H {0-1 <2SlKi<100) (see a later 
section for theoretical treatment). 



Fig. 1. Comparison of the theoretical curves ( ) 

expected for a competitive reversible inhibitor in zone B 

with the experimental curves ( ) obtained using 

Nu683 as inhibitor of the pseudo-cholinesterase activity 
of dialysed human serum. Theoretical curves calculated 
for i?j = 8'8 X 10~“M-Nu683 and ^7 = 2-3 x lO-^M-pseudo- 
cholinesterase/lOO pi. CO, activity. Experimental points 
of curve A obtained after 50 min. incubation of the 
Nu683 with a 2% (v/v) serum solution giving 70 pi. 
COj/5 ml. solution/20 min.; those of curve B with a 
12% (v/v) serum solution giving 448 pi. CO 2/5 ml. 
8olution/20 min. pf represents the negative log. of the 
molar concentration of Nu683 and a the fractional 
activity in the presence of this inhibitor. 


relatively small when the activity was monsurod 
over the period 2-22 min. after the addition of 
benzoylcholino (Table 1). However, the fact that 
Nu683 combined with pseudo-cholinesterase was 
displaced by added bonzoylcholine does indicate 
that Nu G83 is a reversible competitive inhibitor of 
psou d 0 -ch olin ester aso , 

It was also necessary, ns noted previously, to 
determino an optimal time of incubation of the 
enzyme with inhibitor, that is, a time which would 
be long enough to ensure relatively complete 
equilibration of the enzyme -inhibitor, but not so 
long as to allow any appreciable destruction of 
inhibitor to take place. To this end, a series of 
determinations of pljo ( — log/^o) after various 
times of incubation was carried out using 2 and 
12% serum concentrations. The results obtained 
are given in Table 2; from this data, a standard 
time of 60 rain, incubation was arbitrarily selected 
for use in subsequent determinations. 

Table 2. Changes in pJo after incubation of 2 atid 

12% (v/a) solutions of human serum with N^u683 

for various times at 37-5° 


Time of 
incubation 
(min.) 


P-^so 

A 

f 

2% serum 

12% serum 

30 

8-83 

8-18 

50 

8-77 

8-21 

75 

8-79 

, 8-07 

160 

8-64 

7-02 

270 

8-53 

7-62 


Table 1. Effect of added benzoylcholinc in displacing 
NuGSS combined with the pseudo-cholinesterase of 
human serum 


(5 ml. of 6% (v/v) dialysed human serum in 0-02531- 
bicarbonate was incubated with 6 x 10-’>m-Nu683 for 
50 min. at 37-5° before adding 0-006M-benzoyIoholine at 
time=0.) 




Activity, for 




time stated, of 


Time after 

Activity, for 

serum 

Fractional 

addition of 

time stated, of incubated 

inhibition 

benzoylcholine control serum with Nu 683 

by Nu683 

(mm.) 

(pl. CO,) 

(nl- CO,) 

(1-0) 

2-7 

49-5 

12-0 

0-758 

7-12 

55-5 

13-0 

0-766 

12-17 

52-5 

14-5 

0-724 

17-22 

55-5 

15-0 

0-730 

Average 2-22 min. 

0-745 

22-32 

112-0 

32-5 

0-710 

32-42 

114-5 

36-5 

0-681 

42-52 

110-5 

38-5 

0-651 

52-62 

112-0 

43-0 

0-616 

62-72 

111-5 

47-5 

0-574 

72-82 

112-5 

50-0 

0-556 

82-92 

114-0 

55-0 

0-517 


The error introduced by the displacement 
combmed inhibitor after addition of substrate w 
Biochem. 1952, 51 


A series of experimental a-pl curves, similar to 
those shoivn in Fig. 1, was determined for a total 
of fifteen different enzyme concentrations with 
several samples of serum. From each of these curves 
a value of was calculated. The enzyme activity 
was directly proportional to the serum concentra- 
tion with any one sample of serum (Fig. 2), but the 
activity per unit volume varied from one sample to 
another, as would be expected. Therefore the relative 
enzyme concentration was expressed on the basis of 
enzyme activity. A plot of Jjq against relative 
enzyme concentration gave the experimental points 
of Fig. 3. The best straight line, fitted to these points 
by the method of least squares, proved to be that 
represented by the equation x lO® =0-880 -f 1-15 
(per 100 fi.1. activity). 

From the theoretical equation I^f)~Kj->rO-5E, it 
follows that Kj = 8-8 x IO-^m-Nu 683 and 

F = 2-3 X 10“®M;-pseudo -cholinesterase 

in a solution of which 5 ml. gave an activity of 
100 fil. CO 2 / 2 O min. with 0-006M-benzoylchoIine as 
substrate, when measured tmder the standard 
conditions of 37-6°, pH 7-4 and 0-025M-sodium 
bicarbonate medium. This same concentration of 
the pseudo -cholinesterase of hmnan serum would 
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give an activity of 292/^1. CO2/2O min. under the 
same conditions when using 0-06M-acetylcholine as 
substrate. 

An enzyme activity of this order of magnitude is 
usually obtained with a concentration of about 3 % 
htunan serum. For a hall serum which gives an 
activity of 700 jul. COo/ml. serum/20 min. with 
benzoylcholine, the eoncentratioii of pseudo -cholin- 
esterase would be precisely 35 times as high as the 
figoire given above. That is to say, the concentration 
of pseudo -cholinesterase in hall human seroom would 
be about 8 x 10 “®m on the average. 



Serum concn. (%, v/v) 

Fig. 2. Linear relationship between the pseudo-cholin- 
esterase activity and the concentration of serum used 
for two different samples of dialysed human serum. 
The original activity of the full serum corresponding to 
line A was 820 pi. C02/ml./20 min. ; this was diluted to 
1-12 times the original volume in the process of dialysis. 
The full serum corresponding to the dialysed sample of 
line B had an activity of 685 pi. C02/ml./20 min. and 
was diluted to 1'38 times the original volume in the 
process of dialysis. The activity was determined using 
0-006M-benzoylcholine as substrate, a fluid volume of 
6 ml. below 10% (v/v) dialysed serum and a fluid 
volume of 2-5 ml. above the 10% serum concentration, 
a rate of shaking of 150 x 5 cm. strokes/min., and the 
other conditions as described in the method. 

A similar type of determination on dialysed 
dog seroom gave an equation (from 5 points) 
J50X 10* = 3-2-H-35 (per 100 pi. activity), from 
which Jf^ = 3-2x IO-^m-NuGBS and F =2-7 x 10 -®]m- 
pseudo -cholinesterase in a solution of which 6 ml. 
gave an activity of 100 pi. CO2/2O min. with O'OOBm- 
benzoylcholine tonder the standard experimental 
conditions. In this case the ratio E]Kj wooald be 
approximately 0-S for the pseudo-cholinesterase 
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concentration in a solution which gives the parti- 
cular esterase activity selected as standard, whereas 
in the case of luaman seroom previously the two 
values obtained would give a ratio F/JC/=2-6. 
From the theoretical treatments of Straus & 
Goldstein (1943) and Goldstein (1944), it would be 
expected that the enz5une-inloibitor system is mooch 



Pseudo-cholinesterase activity (fol. COjlO min.) 

Fig. 3. Relationship between the relative concentration of 
pseudo-cholinesterase and the molar concentration of 
Nu683 which would cause 50% inhibition of the pseudo- 
cholinesterase activity of dialysed human serum towards 
O’OOGM-benzoylcholine. 



Fig. 4. Comparison of the theoretical ( ) and 

experimental ( ) curves obtained using Nu683 as 

inhibitor of the pseudo-cholinesterase activity of dialysed 
dog serum, (cf. Fig. 1). Experimental points of curve A 
obtained after 50 min. incubation of the Nu683 with 
a 2% (v/v) serum solution giving 35-4 pi. COJ5 ml. 
solution/20 min.; those of curve B with a 12% (v/v) 
serum solution giving 206 pi. CO2/6 ml. solution/20 min. 

closer to zone A with dog serum than with human 
seroom omder the conditions used. In agreement 
with this fact, the o-pl curves obtained were 
somewhat flatter and less widely spread than those 
obtained with hooman seroom. Also the experi- 
mental points agree relatively well with the theor- 
etical coorves expected from the values of E and Kj 
obtained (Fig. 4). It is a striking fact that these 
two sets of coorves (Figs. 1 and 4) give somolar values 
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for tlie pseudo-cholinesterase concentration per unit 
of activity despite their differences in shape and 
relative position. 

The same concentration of dog serum gave an 
activity of 186 fil. CO 2 / 2 O min. with O'OBM-acetyl- 
choline as substrate. From this it can be calculated 
that the concentration of pseudo-cholinesterase in 
the 4'64:% dog serum used by Goldstein (63-1^1. 
COo/20 min. with a vohune of 2-2 ml. and with 
0-08M-acetylcholine as substrate) was probably 
2-07xl0“®M, as compared with the value 
used by Goldstein (1944). This 
would mean that the ratio EjKj with eserine as 
inliibitor (/fj = 3-11 x lO-^M) was of the order of 
0-067 in Goldstein’s investigations, and justifies the 
application of zone ^ equations to the experimental 
data obtained by Goldstein (1944) with eserine as 
the pseudo-cholinesterase inliibitor. 


pseudo -cholinesterase in the serum. In human 
serum or horse serum, however, the amounts of 
true cholinesterase present are so small that no 
appreciable error will be introduced by the use of 
acetylcholine ns substrate for the psoudo-cliolin- 
esteraso. 

Similar determinations of the values of E and Kj 

were also carried out with the pseudo -cholinesterases 

of horse, rat and mouse sera. The relative activities 
of the pseudo-cholinesterases of rat and mouse 
serum towards acetylcholine wore determined- by 
the use of Nu 1250 and half-saturated ammonium 
sulphate as previously described for dog serum. 
The results obtained are summarized in Table 3. 

Difficulties were encountered -with rat serum in 
that the relatively low pseudo-cholinesterase 
activity of the full serrun does not permit such a 
wide range of enzyme concentrations to be used in 


Table 3. Gomparison of the values of Kj and E as determined with Nu683for thcpseudo-cJiolinesterases 

from the sera of different species 


Source of serum 

Activity of full 
Bcrum towards 
benzoylcholine 
(;J. COj/ml./ 
20 min.) 

No. of 

determinations 
of fjo 

El 

( X IO-om) Nu683 

E-BCh* 

( X 10-»M) 

ACh/BCht 

-Exch* 

( X lO-'^M) 

Mouse 

355 

7 

0-56 

3-27 

8-2 

3-98 

Rat 

180 

8 

3-3 

2-05 

4-25 

4-82 

Horse 

790 

7 

0-72 

2-24 

3-35 

6-70 

Man 

685-820 

15 

0-88 

2-30 

2-92 

7-89 

Dog 

340 

5 

3-2 

2-70 

1-62 

16-7 


* represents the molar concentration of pseudo-cholinesterase in a solution of which 5 ml. give an activity of 
100 /d./CO2/20 min. with O-OOOM-benzoyloholine as substrate under the standard e.xperimentol conditions used. i(ACh 
defined similarly but with O-OGii-acetylcholine as substrate. 

f ACb/BCh is the ratio of pseudo-cholinesterase activity towards O-OBsi-acetylcholine over that towards 0-006 m- 
benzoylcholine. 


However, it should be noted that dog serum 
usually contains appreciable amounts of true 
cholinesterase as well as the pseudo -cholinesterase, 
and that both of these enzymes are capable of 
hydrolysing acetylcholine even at high concentra- 
tions of this substrate (Mendel & Rudney, 1943; 
Mendel et al. 1943). 

To determine the relative pseudo-cholinesterase 
activity towards acetylcholine and benzoylcholine, 
it was first necessary to eliminate all true cholin- 
esterase activity towards acetylcholine. This w^as 
done by two methods, by selectively inhibiting the 
true cholinesterase activity with 10 -’m-Nu 1250 
(Hawkins & Mendel, 1949), and by precipitating the 
true cholinesterase from the serum by addition of 
an equal volume of saturated ammonium sulphate 
to the serum (Hawkins & Mendel, 1949). The residual 
pseudo-cholinesterase activity towards acetyl- 
choline and benzoylcholine was subsequently 
determined in both cases. With the above example 
of dog serum, it appeared that only 162 of the 
186 ;il. COo/20 min. wdth 0-06M-acetylcholine as 
substrate were actually due to the activity of the 


these determinations as in the other cases. It is 
known that female rat serum contains much larger 
amounts of pseudo-cholinesterase than the serum 
of male rats (Mundell, 1944); the same is also true 
to a lesser extent for the sera of male and female 
mice. Therefore, pooled samples of female rat serum 
and of female mouse serum were employed for these 
determinations. The pseudo-cholinesterase activity 
of the female rat serum was 180 fA. CO./ml. serum/ 
20 min. -with benzoylcholine as substrate; this is 
relatively high for rat serum, but even so the 
activity is still somewhat lower than that of the 
other types of sera used. In addition, the ratio 
EjKj was relatively low so that the values of E and 
Kj could not be determined as accurately as with 
hmnan serum or horse senun. 

DISCUSSION 

The absolute activity of pseudo-cholinesterases 
The results given in Table 3 show that the pseudo - 
cholinesterases from mouse, rat, horse, human and 
dog serum form a series in wliich the ratio of pseudo- 

20-2 
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cholinesterase activity towards 0-06M-acetylcholine 
over that towards 0-006M-benzoylcholine becomes 
progressively smaller. The values range from 8-2 to 
1'6, a difference of 5*l-fold. In tliis same series, the 
pseudo-cholinesterase concentration which gives 
one unit of activity towards acetylcholine becomes 
progressively larger, that is to say, the absolute 
activities of the pseudo-cholinesterases in this series 
becomes progressively smaller. Tire values obtained 
cover a range of 4-2-fold. This is a surprising finding, 
but closer examination of the results show that there 
is not a close correlation between the figmes in these 
two series. Moreover, the absolute activity of the 
pseudo -cholinesterases towards henzoylcholine do 
not form a parallel series. Thus it seems doubtful 
that there might be some theoretical significance for 
the rough correlation in this series of pseudo-cholin- 
esterases between the absolute activity towards 
acetylcholine and the ratio of activity towards 
acetylcholine over that towards henzoylcholine. 

The Michaelis constant for Nu683 also varies 
considerably from one pseudo-cholinesterase to the 
other, but varies independently of the other charac- 
teristics determined. Measurements of the Michaelis 
constant for acetylcholine show a similar lack of 
correlation with any of the other results. 

From Table 3 it is apparent that the absolute 
activity of the pseudo-cholinesterases towards 
benzoylcholine does not vary as much from one type 
of serum to another as does the absolute activity 
towards acetylcholine. The former varies by only 
1-50 times for the five preparations of pseudo- 
cholinesterase investigated, the latter by 4-20 times. 

The absolute activity, however, is inversely pro- 
portional to the pseudo-cholinesterase concentration 
which gives one unit of activity, regardless of the 
particular units used. Easson & Stedman (1936) 
have defined the term absolute activity in terms of 
a turnover number, i.e. the number of molecules of 
substrate hydrolysed by one molecule of pseudo- 
cholinesterase per unit of time. Unfortunately the 
values given by these authors are not strictly 
comparable with the above. However, for purposes 
of comparison with results on other enzymes, turn- 
over numbers can be calculated from the above 
results on the basis that 

100 p\. CO 2/5 ml. sohi./20 min. 

= 1 fil. COj/ml. soln./min. 

= 1 ml. CO 2 /I. soln./min. 

= 4-46 X 10”® moles/1, soln./min. 

If this latter figure is divided by any one of the 
enzyme concentrations given in Table 3 the corre- 
sponding turnover number wUl be obtained, 
expressed in terms of min.”^. The enzyme concen- 
trations are expressed simply in moles of enzyme 
per litre, but inlierentin this method of determining 
enzjrme concentration is the assumption that these 
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concentrations are equivalent to the molar con- 
centration of enzyme active centres. For the present 
it can only be assumed, in most cases, that each 
active centre corresponds to one molecule of the 
enzyme protein. 

Thus, for example, each active centre of the 
pseudo -cholinesterase of horse serinn will hydrolyse 
6-67 X 19* mol. of acetylcholine or 1-99 x 10^ mol. of 
henzoylcholine per min. under the experimental 
conditions used. (Compare the value 9-35 x 10^ mol. 
of acetylcholine per min. reported by Berry (1951) 
after the completion of this paper.) With pro- 
pionylcholine or butyrylcholme as substrate, this 
value would be considerably higher. As judged 
from the results of Augustinsson & ISTachmansolm 
(1949) and Sturge & Whittaker (1950), this turnover 
number might approach a value of 1-4 x 10® mol. of 
butyrylcholine per min. A turnover number ex- 
pressed in this way will be identical with the destruc- 
tion constant of Goldstein (1944) when the 
appropriate small correction is made for the effect 
of substrate concentration. 

Another point of some interest is the order of 
magnitude of the activity of pure pseudo-cholin- 
esterase. The exact molecvilar weight of pseudo- 
cholinesterase is imlmown, but for a serum albumin 
we might assume a molecular weight of 70 000 
(Kelcwick, 1938). Further, assuming that one 
active centre corresponds to 1 mol. of pseudo- 
cholinesterase protein, it could be calculated that 
pure pseudo -cholinesterase from horse serum would 
have a Q^cetyichoUne ^aluo of ,1300 000 ^il. COo/mg. 
dry wt./hr. This is of a similar order of magnitude 
to the Q.„tyichoitae values of 400000 and 600000 
for the piuest preparations of pseudo-cholinesterase 
obtained by Strelitz (1944) and Mendel & Mundell 
(1943) respectively. 

The data presented in Table 3 show that the 
pseudo -cholinesterases from the sera of different 
species of animal may have considerably different 
affinities for the same inhibitor. Moreover, the 
absolute rate of hydrolysis (per mole of enzyme) 
of the same substrate may also differ from one 
preparation of pseudo-cholinesterase to another. 
The magnitude of these variations in the absolute 
rate of hydrolysis by various pseudo -cholinesterase 
preparations also depends upon the substrate con- 
cerned. This fact has already been indicated by the 
results of other investigators, which show that the 
pseudo-cholinesterase from horse serum differs from 
the pseudo-cholinesterase of hmnan senmi in the 
relative rate of hydrolysis of non-choline esters 
(Blaschko & Holton, 1949; Adams & Wliittaker, 
1949; Sturge & Wliittaker, 1950). 

It has been pointed out by Mendel and co -workers 
(Mendel & Rudney, 1943 ; Mendel e< otZ. 1 943 ; Mendel 
&MundeU, 1943; Strelitz, 1944; Hawkins & Gunter, 
1946; Hawkins & Mendel, 1949) that pseudo- 
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cholinesterase is a distinct enzyme, with the same 
general and characteristic specificity towards 
certain substrates and certain inliibitors in all 
cases investigated, regardless of the source of the 
enzyme. The results of later investigations empha- 
size the fact that preparations of pseudo-cholin- 
esterase from different sources often show minor 
differences in the relative specificity for various 
substrates and inhibitors. Consequently, it has been 
proposed that the pseudo -cholinesterases from 
various sources should be regarded as a special 
group or ‘family ’ of related enzymes rather than as 
a special enzyme, and that the true cholinesterases, 
similarly, should be regarded as another special 
group of closely related enzymes (Bodansky, 1946; 
Augustinsson, 1948). The results of the present 
investigation would appear to justify such a 
concept— to the same extent as it would be justified 
to consider the haemoglobins, for example, as a 
group of closely related haem proteins. 

In both cases it can be considered that the active 
centre or active grouping wfil determine the general 
characteristic specificity common to aU different 
preparations of the same enzyme, while the minor 
variations in relative specificity will be determined 
mainly by the influence of the various species- 
specific (andpossibly organ-specific) protein carriers. 
Thus it will depend upon the purposes of the mvesti- 
gation in hand whether the pseudo-cholinesterase 
{or the true cholinesterase, or the haemoglobin) from 
different sources is to be regarded as a special 
enzyme (from the viewpoint of physiological func- 
tion) or as a special group of enzymes (from the 
viewpoint of enzymic or immxmological investiga- 
tions). The pseudo-cholinesterases from different 
sources would appear to have the same general 
characteristics in all cases, but it must be empha- 
sized that the Michaelis constants, reaction velocity 
constants and enzyme concentration will not be 
identical from one preparation of pseudo-cholin- 
esterase to another. 

The wse of inhibitors in the study of 
pseudo -cholinesterases 

It has been found previously that the inhibition 
of pseudo-cholinesterase by Nu683 is reversed only 
very slowly by dialysis or dilution of the enzyme- 
inhibitor system (Hawkins & Gunter, 1946). 
Nevertheless, Nu683 must be a reversible com- 
petitive mhibitor of pseudo-cholinesterase since the 
combined inliibitor is displaced by added substrate. 
The previous findings are probably to be explained 
by the very high affinity of Nu683 for pseudo- 
cholinesterase and by the fact that the enzyme- 
inliibitor system lies in zone B under the experi- 
mental conditions. 

The experimental results with this inhibitor show 
sufficiently good agreement with the theoretical 


309 

predictions of Straus & Goldstein (1943) and Gold- 
stein (1944) to provide experimental confirmation 
of the theoretical treatments of these authors, in so 
far as the concept of tlnee zones of inliibitor action 
is concerned. And conversely, it would also indicate 
that Nu 683 combines specifically with the pseudo- 
cholinesterase active centre on an equunolar basis. 
Thus the results with this inhibitor should give an 
accurate determination of pseudo-cholinesterase 
concentration with the mathematical methods used. 

On the other hand, the use of irreversible in- 
hibitors such as DFP or TEPP can lead to erroneous 
values for enzyme concentration. In the first place 
it might be noted that the data of Bain (1949) 
indicate apparent enzyme concentrations which 
differ by 250 times when these two compoimds were 
used as ‘specific’ irreversible inliibitors of the true 
cholinesterase activity of rat brain. Evidently, at 
least one of the two cannot be a specific cholin- 
esterase inhibitor, but there is no theoretical 
criterion which could be applied to such results to 
indicate when an irreversible inhibitor does combine 
specifically with the cholinesterase active centre on 
an equimolar basis. 

The discrepancies observed in the results with 
these alkyl-phosphate iohibitors are fiud^hor illus- 
trated by the data obtained using DFP as an 
inliibitor of true cholinesterase activity (Fig. 5). 
The results obtained in this case are more typical of 
a reversible competitive inhibitor in zone B than of 
a specific irreversible inliibitor, despite the fact that 
for most practical purposes the inhibition of cholin- 
esterase activity by DFP is completely irreversible 
under these experimental conditions. But while the 
experimental results with DFP would indicate an 
apparent enzyme concentration of 2-9 X 10~® moles/ 
100j[il. activity with 0-03M-acetyl-/3-methylcholme 
under standard conditions, the results obtained with 
Nu 1250 showed that the true enzyme concentration 
■wasno greater than 6-3 x 10-i“Minthesamesolution. 
The reactions of cholinesterases with DFP and 
similar inhibitors will be dealt with in more detail 
in a subsequent publication. For the present pur- 
poses it is sufficient to note that the explanation of 
these results with DFP is still uncertain, and that 
the use of this mhibitor will not give a reliable value 
for the concentration of cholinesterase under the 
above conditions. 

At least three other groups of investigators (Easson 
& Stedman, 1936; Ellis, Plachte & Straus, 1943; 
Straus & Goldstein, 1943) have attempted to 
measure the pseudo-cholinesterase concentration in 
horse serum by the use of eserine or prostigmine as 
inhibitors. Their results have been criticized on 
theoretical and practical grounds by Goldstein 
(1944), who hunself did not attempt to give anything 
more than a maximum value for the cholinesterase 
concentration. The results obtained in the present 
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investigation with Nu 683 as inhibitor do indicate 
considerably different eoncentrations of pseudo- 
cholinesterase in horse serum from those which 
have been previously proposed, as would be 
expected in view of Goldstein’s criticism. 

The difference between the method used in the 
present investigation for determination of pseudo- 
cholinesterase concentration and previous deter- 
minations with competitive reversible inliibitors 



T rue cholinesterase activity (pi. COjlO min.) 

Fig. 6. Relationship between the relative concentration of 
true cholinesterase and the molar concentrations of 
Nul250 or of DFP which would cause 60% inhibition 
of the true cholinesterase activity of human erythrocytes 
towards 0-03M-acetyl-)3-methylcholine. The degree of 
inhibition effected by various concentrations of Nu 1250 
was determined after incubation with the erythrocyte 
preparation for 80 min., that effected by DFP after 
incubation for 120 min. 

lie in three major points. In the first place, Nu683 
is a much more potent inliibitor of pseudo-cholin- 
esterase than either eserine or prostigmine; 
consequently the degree of inhibition obtained 
is more dependent on the enzyme concentration. 
Secondly, the enzyme concentration and Michaelis 
constant are determined from the results at several 
different enzyme concentrations rather than from 
one set of results as in the generally accepted method 
of Easson & Stedman (1936). Thirdly, the experi- 
mental results are plotted as fractional activity a 


1952 

against pi to give a sigmoid curve. Easson & 
Stedman (1936), on the other hand, used an equation 
of the form 

( 1 -a) a ' 

and plotted Il{l — a) against 1 /a on a linear basis. 
The equation itself is theoretically correct, of course, 
and this mathematical method of analysing the 
results would give correct values for E and Kj if 
the experimental results correspond exactly with 
the theoretical expectations. But when the data are 
subject to some experimental error, the use of this 
equation can give results which are very misleading. 
Goldstein (1944) has pointed out that this latter 
method gives a vastly disproportionate weight to 
the experimental results with very small values of a, 
and that it is just these results more than any others 
which are most subject to large experimental errors. 
The method of plotting a against pi would weight all 
points to the same extent so that a theoretical curve 
can be obtained which will give a minimal standard 
deviation from aU of the experimental points 
(Goldstein, 1944). Thus this method will give a more 
accurate representation of the experimental data, 
and the shift in Iso concentration with changes in 
enzyme concentration will allow the calculation of 
a rehable value for the molar concentration of 
enzyme. The a-pl plot has a further advantage in 
that the experimental results can be compared with 
the theoretical predictions for a competitive 
reversible inhibitor which combines specifically 
with the enzyme active centre on an equimolar 
basis. The combination of all of these factors seems 
to make this a reliable method for the accurate 
determination of pseudo-cholinesterase concentra- 
tion in serum. • 

SIBEMARY 

1 . The experimental results show that Nu683 
(the dimethylcarbamate of (2-hydroxy-5-phenyl- 
benzyl) -trimethylammonium bromide) is areversible 

competitive inhibitorofpseudo-cholihesterase which 
combines specifically with the pseudo-cholinesterase 

active centre on an equimolar basis. The ratio of 
ElKj has a value appreciably greater than 0 - 1 ; this 
has made it possible to determine pseudo -cholin- 
esterase concentration in serum accurately by a 
method which appears to be completely justified 
theoretically. The advantages of this method over 
those which have been used previously have been 

discussed. • 1 , 4.1 ■ 

2. The experimental results obtained wath this 
inliibitor show sufficiently good agreement with the 
theoretical predictions of Straus & Goldstein (1943) 
and Goldstein (1944) to provide experimental con- 
firmation of the concept of tluee zones of inhibitor 
action. 
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3. The pseudo-cholinesterase concentrations have 
been expressed on the basis of enzj^me activity under 
standard conditions. The concentration of pseudo- 
cholinesterase in the particular samples of full 

serum usedvere as follows : horseserum 8'8 X 10 ®m; 

human serum, 7-9 x female mouse serum, 

5-8x10~®m; dog serum, 4-6 x10“®m; female rat 
serum, 1-7 x 

4. The pseudo-cholinesterases from mouse, rat, 
horse, human and dog serum form a series in which 
the ratio of pseudo -cholinesterase activity towards 
0'06M-acetylcholine over that towards 0-006m- 
benzoylcholine diminishes progressively from 8-2 to 
1-6. In this same series, the absolute activity of the 
pseudo -cholinesterases towards acetylcholine be- 
comes progressively smaller. Other characteristics 


of the pseudo-cholinesterases also var}’- considerably 
from one type of pseudo-cholinesterase to another, 
but do not show any correlation to the above 
series. 

6. The significance of these results has been 
discussed with respect to the concept of the pseudo- 
cholinesterases as a special group of closely related 
enz Junes. 

The author is indebted to Dr B. Mendel for his valuable 
criticisms and suggestions, to iiliss M. do Jonge and JDss E. 
Simons for technical assistance, and to JCss E. F. Purdie 
for her assistance in preparing this article for publication. 
Nu683 and Nul250 were obtained through the courtesy of 
Dr J. A. Aschlimann of Hoffmann-La Roche, Inc., Nutley, 
N.J., U.S.A., and DFP was kindly supplied by Dr B. C. 
Saunders. 
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The Chemical Estimation of Adrenaline -like Substances in Blood 

By H. WEIL-MALHERBE and A. D. BONE 
Research Department, Runwell Hospital, WicJcJord, Essex 

{Received 29 October 1951) 


Of the numerous chemical methods which have been 
devised for the estimation of adrenaline the fluori- 
metric techmques seem most likely to reach a degree 
of sensitivity sufficient for the measurement of 
concentrations as low as those occurring in peri- 
pheral venous blood. Adrenaline, as is well known, 
forms an unstable fluorescent oxidation product in 
alkal’me solution. Lund (19496) recently described 
a method in which the fluorescent derivative is 
stabilized bj^ the addition of ascorbic acid and 
which is capable of estimating concentrations of 
not less than 10 pg./l. Recovery of added adrenaline 
amounted to 80 % and a factor was employed to 
correct for the loss. Lund did not find measurable 


amoimts of adrenaline in venous blood and con- 
cluded that adrenaline, if present at all, occmred 
in concentrations of less than 10 pg./l. 

Although the sensitivity of Lund’s method could 
perhaps be increased by suitable modifications, the 
procedure seems to have other disadvantages. It 
is stated that adrenaline is quantitatively oxidized 
to adrenochrome by manganese dioxide without 
adrenoclirome itself being further oxidized. The 
need for a rapid and complete removal of manganese 
dioxide is, however, emphasized and variations of 
such factors as temperature or the activity of the 
manganese dioxide preparation might, unless care- 
fully controlled, entail the risk of a loss of adreno- 
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clirome. Secondly, as pointed out by Fischer, 
Derouaux, Lambot & Lecomte { 1950) , adrenochrome 
is liable to be reduced in the presence of ascorbic acid 
and may thus partly escape transformation to the 
fluorescent compound in alkaline solution. Wliether 
these side reactions can seriously affect the practical 
value of the method has not been studied by us. 

In the following, a fluorimetric method of adrena- 
line estimation will be presented which is not, like 
previous fluorimetric methods, based on the forma- 
tion of adrenolutine (Lund, 1949 a), but on a con- 
densation with ethylenediamine. The reaction was 
discovered byNatelson, Lugovoy & Pincus (1949), 
but, as far as we are aware, it has not been further 
studied or applied to blood. The condensation takes 
place in allraline solution in which adrenaline is 
readily autoxidizable. No reaction occurs if oxygen 
is excluded. If adrenaline is replaced by adreno- 
cluome, a fluorescence intensity cruve is obtained, 
both in presence and in absence of oxygen, which is 
identical with that produced by equimolar amounts 
of adrenaline in presence of oxygen. It may 
therefore be concluded that the condensation is 
preceded by an oxidation of adrenaline (I) to 
adrenochrome (II), and the reaction may be 
formulated as follows : 


1952 

solution of adrenaline is disturbed by noradrenaline 
(Heller, Setlow & Mylon, 1950). 

The procedure of Natelson et al. (1949) has been 
modified : the condensation is carried out by heating 
the solution at 50° for 20 min. with a mixture of 
ethylenediamine and an aqueous solution of 
ethylenediamine dfliydrochloride. The free base 
is added to produce the required degree of alkalinity 
(pH of the mixture = 10-4) and may be replaced by 
ammonia. Since the presence of ethylenediamine in 
the ionized form is essential, it is obviously the 
reactive agent. For the extraction of the fluorescent 
condensation product isobutanol was used in pre- 
ference to amyl alcohol; a quantitative extraction 
was achieved by saturating the aqueous phase with 
sodimn cliloride. 

Attempts to replace ethylenediamine by 0 - 
phenylenediamine were abandoned owing to the 
formation of highly fluorescent oxidation products 
in the reagent blank. 

The initial separation of adrenaline by chromato- 
graphy introduced by Lund (1949 b) has been 
adopted, with some modifications designed to 
reduce the autoxidation of adrenaline before and 
during the adsorption. Acid-washed alumina is 
used and its quantity is reduced. Another point 
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(I) AdrenalinB. (II) Adrenochrome. (Ill) Ethylene diamine. (IV) Condensation product (hypothetical). 


The constitution of the condensation product (LV) 
must at present be regarded as hypothetical. 

The fluorescence of the final extract remains 
constant for at least 24 hr. The fact that the mistable, 
highly reactive adrenochrome is trapped in the 
nascent state and quantitatively converted into a 
completely stable condensation product is the most 
notable advantage of the method. In addition, the 
sensitivity is such that adrenaline concentrations of 
1 /ig./l. can be measured with accuracy ; the recovery 
is quantitative and the use of a correction factor is 
therefore unnecessary ; and finally, strictly additive 
results are obtained with mixtures of adrenaline and 
noradrenaline, whereas the production and the 
decay of fluorescence observed in an alkaline 


which was found to be particularly important is 
the removal of traces of heavy metal from the 
sodium acetate solution that is added to plasma 
prior to adsorption. This is done by passing the 
solution through a coliunn of cation-exchange resin. 
Finally, the precise adjustment of the diluted 
plasma to pH 8-4 is controlled by a glass electrode. 

The blood is drawn directly into a. solution of 
fluoride and thiosulphate which combines anti- 
oxidant with anticoagulant properties. The apparent 
adrenaline content remains constant for at least 
24 hr. at refrigerator temperature. In a few 
instances red blood cells were washed and cytolysed. 
Their apparent adrenaline content was about equal 
to that of plasma in confirmation of Limd’s results, 
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, - Unl-iln Vn ViRPomo 20 min., cooled to room temperature and saturated with 

but the alumina columns were liable to become . 1 extracted with 


clogged when haemolysates were used, and for this 
reason most estimations were carried out with 
separated plasma. 

IVEETHOD 

Heagmts 


solid NaCl (about 4 g.). The solution is extracted with 
6 ml. tsobutanol in a mechanical shaker for 4 min. and 
lightly centrifuged to break up the emulsion. The isobutanol 
loycr is removed completely and 5 ml. are measured into 
the fluoriracter tube. To avoid unnecessary transfer the 
eluate is collected in a gloss-stoppered centrifuge tube in 
which the condensation and extraction procedures are 


Sodium fluoride-sodium tUosul'phate solution. NaF (2 g.) 
and NajSoOs (3 g.), are dissolved in glass-distilled water to 
100 ml. The solution is autoclaved and transferred to sterile 
ampoules, each containing about 6 ml. 

Sodium carbonate, A 0-5u solution. 

Sodium acetate buffered ai pH 8-4. A 0-2 m solution of sodium 
acetate is passed over a column of Zeo-Karb215 (Permutit 
Co. Ltd.) and adjusted to pH 8-4 by the addition of 0-5N- 
NajCOj (about 5 ml./l.) with the aid of a glass electrode. 
The Zeo-Karb column is prepared by repeated washings 
with 2K-HC1, water and 4% NaCl, the last being continued 
until the pH. of the filtrate rises to about 6. Excess Had 
is flushed out with glass-distilled water. 

Alumina, acid-washed. AljO, (100 g.; British Drug 
Houses Ltd., ‘for chromatographic adsorption analysis’) 
is stirred with 500 ml. boiling 2N-HC1 for 20 min., filtered 
and washed on the funnel mth 500 ml. of hot 2 n-HC 1. It 
is then repeatedly washed by decantation with distilled 
water and dried at 300° for 3 hr. 

Acetic acid. A 0-2 N solution. 

Ethylenediamine dihydrochloride, 2 m solution. The salt 
is prepared from fteshly redistilled ethylenediamine by the 
slow addition of the calculated amount of 6 n-HC 1 (A.B.). 
Crystals are filtered by suction, dried on a water bath and 
finally over H 2 S 04 . 

Ethylenediamine, or ethylenediamine hydrate. Redistilled. 
iaoSuianol, A laboratory chemical grade is satisfactory. 


A standard containing 0'2pg. adrenaline in 10 ml. and 
a reagent blank are carried through the condensation and 
extraction procedures together with the plasma eluates. 

Measurement of fluorescence 

A 125W. high-pressure mercury vapour lamp with 
stabilized arc (Typo MBL/D, British Thomson-Houston 
Co. Ltd.), operated in conjunction with choke and voltage 
stabihzer (Type MT140A, Advance Components Ltd.) 
serves as light source. The exciting light is passed through 
a blue filter (Chance OB 10, 2 mm. thick) and focused by 
a thin-walled, flat-bottomed round flask of 250 ml. capacity, 
filled with water, on to a thin-walled test tube of non- 
fluoreseent glass (11 mm. internal diameter). The test tube 
is held inside a light-tight box to which is attached, at 
right angles to the beam of the exciting light, the photocell 
compartment of a Unicam S.P. 500 spectrophotometer. 
The fluorescent light is filtered through a yellow filter 
(Chance OY 4, 2 mm. thick) before entering the photocell. 
The photocell current is measured with the aid of the 
electrical controls provided by the Unicam spectrophoto- 
meter with slight modifications. It was necessary to change 
the bias on the first amplifier valve which controls the 
range of illumination at which the photocell works. This 
involved fixing a 100 000 fl variable potentiometer between 
two taps on battery no. 3 of the instrument, and this 
control was fitted with a built-in switch to return the 


Procedure 


instrument to its normal operating state when used as a 
spectrophotometer. 


Tluoride-thiosulphate solution (5 ml.) is dra-\vn up into Readings are taken 45 min. after switching on the 
a 20 ml. syringe and about 15 ml. blood collected from the mercury lamp in order to eliminate drift during the warming- 

cubital vein. The syringe is emptied into a 25 ml. measuring up period. The reagent blank is used to establish the zero 

cylinder and the volinne is noted (Vj ml.). The plasma is position of the ‘Transmission’ control: by means of the 

separated by centrifugation (vjml.) and an equal volume of new control for rough adjustment and the ‘Dark Current’ 

sodium acetate buffer added. The mixture is brought to control for fine adjustment the potential of the photocell 

pH 8-40 by the addition of 3-5 drops of NajCOa solution, at this illumination level is backed-off rmtil balance is 

precise adjustment being controlled by a glass electrode. obtained with the ‘Transmission’ dial set at zero. The 
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Thistle funnels with a 50 ml. bulb and a 5 mm. -bore stem 
are used for the chromatographic separation. At a distance 
of about 18 cm. from the bulb, the stem has a constriction 
on which is placed a plug of glass wool. The funnel is 
mounted on a filter flask. The column is prepared by pouring 
in 0-7 g. of dry acid-washed alumina followed by 5 ml. 
acetate buffer. With the aid of a drawn-out glass rod the 
alumina is stirred up until all trapped air bubbles have 
escaped. After allowing it to settle, mild suction is applied 
which is so regulated that the rate of filtration does not 
exceed 20—30 drops/min. The plasma-acetate mixture is 
added next, followed by 5 ml. acetate buffer and 5 ml. 
glass-distilled water. The filtrates are rejected. The adsorbed 
adrenaline is eluted by passing 5 ml. 0-2N-acetio acid, 
followed by 5 ml. water, through the column. 

After the addition of 0-5 ml. ethylenediamine dihydro- 
chloride solution and 0*7 ml. ethylenediamine (or 1 ml. 
ethylenediamine hydrate) the eluate is heated at 50° for 


standard is now introduced into the fluorimeter box, and 
with the ‘Transmission’ dial at 100, balance is obtained 
by operating the ‘Sensitivity’ control. Next the unknown 
sample is inserted and balance is established by turning the 
‘Transmission’ control. The position of the dial shows the 
intensity of the imknown fluorescence as a percentage of 
the standard fluorescence. When a reading is taken, the 
shutter which normally protects the photocell is opened 
and replaced as soon as the necessary adjustments have 
been made so as to avoid undue fatigue. In each series of 
readings the position of the zero and the 100 setting is 
checked at intervals by re-introducing the reagent blank 
and the standard, respectively. When a series has been 
^mpleted, the readings are repeated in the same order. 
Duplicate readings obtained in this way may differ some- 
what owing to instabilities in the ampUfier circuit or to 
fluctuations of the mercury lamp output. The mean of the 
duphoate readings is used to calculate the result. 
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Calculation 

If the fluorimetric measurement indicates the presence 
of opg. adrenaline, the amount, per litre of plasma, is 

a X X 1000 
- 5) 

RESULTS AND DISCUSSION' 

Choice of standard 

Wlien a standard of 0-2 pg. adrenaline is used to 
adjust the sensitivity setting the calibration curve 
obtained is linear (Fig. 1), indicating proportionality 
between fluorescence intensity and photocell current. 



Fig. 1. Calibration curve of fluorimetric estimation 
of adrenaline. 


This setting was optimal for the equipment avail- 
able. Attempts to increase the sensitivity to the 
point where a dial reading of 100 was obtained with 
a standard of OT pg. resulted in a calibration ctuve 
which was no longer linear ; in addition, there was 
a disproportionate loss of discrimination. The 
sensitivity setting obtained with a standard of 
0-2 pg. proved satisfactory for our purpose, since 
with most blood samples the scale readings were 
between 15 and 20 on a scale of 100 divisions. If it 
should be required, the sensitivity could no doubt 
be increased, either by changing the type of photo- 
cell, or by intensifying its fllumination. 

Error of fluorimeter readings 

Onthescale of 100 divisions, 1 division corresponds 
to 0-002 pg. adrenaline, given the usual sensitivity 
setting. Readings were taken to 0-1 of a division, 
the last figure being obtained by approximate 
estimation. Owing to slight instabilities in the set -up, 
duplicate readings differed to some extent. The 
standard deviation of single readings was calculated 
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from the sum of the squares of the differences (A) 
between ti pairs of duplicate readings according to 

y S(A^l ® 

~~ . The results show that the 

error does not appreciably vary in different ranges 
of dial readings, the standard deviation being close 
to 0-5 division tlu-oughout (Table 1). This indicates 
that single readings are accurate to approximately 
± 1 division and the mean of duplicate readings to 
approximately ±1/^2 =0-7 division, or 0-0014 pg. 
adrenaline. 


Table 1. Error of fluorimeter readings 



Range of dial 

Standard deviation 

No. of samples 

readings 

of single reading 

(divisions) 

(divisions) 

31 

. 5-10 

0-406 

67 

10-15 

0-437 

45 

15-20 

0-388 

27 

20-40 

0-601 

15 

40-70 

0-482 


Recovery 



Both adrenaline and noradrenaline were quanti- 
tatively recovered when pm-e solutions were carried 
tluough the chromatographic adsorption process. 
The recovery from plasma was studied by adding 
varying amounts of adrenaline to 10 ml. samples of 
sterile horse serum. The results of ten such experi- 
ments showed that recovery was quantitative with 
a standard deviation of about 5 % over the entire 
range investigated (Table 2). To be significant at 
a probability level of 0-01, the difference between 
two results must exceed 15 % or, at a probability 
level of 0-05, 11%. 

Table 2. Recovery of adrenaline added to horse serum 
(Ten experiments for each quantity of adrenaline added.) 


Adrenaline added 

Mean recovery 

Standard 
deviation of 

(pg./lO ml.) 

(%) 

recovery 

0-02 

100-55 

6-34 

0-03 

100-01 

4-70 

0-05 

97-89 

4-90 

0-10 

97-34 

4-47 


Equally good recoveries, obtained by different 
methods, have been reported by many other authors. 
Nevertheless, the estimates of the normal level of 
blood adrenaline differ widely according to the 
method used. Obviously, a satisfactory recovery of 
added adrenaline excludes an underestimate, but 
not an overestimate. This can only he done by 
obtaining further evidence. 

Specificity 

Fluorescence of variable intensity is produced by 
all catechol derivatives tested, with the exception 
of diliydroxyphenylalanine (Table 3). This pre- 
sumably forms a derivative which is not extracted 
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by tsobutanol from the alkaline solution, or only to 
a slight extent. None of the non-catechol substances 
tested produced any significant fluorescence after 
their solutions had been carried through the chroma- 
tographic adsorptiop process. 

Thereaction is thus less specific than that resulting 

in the formation of adrenolutine or sunilar com- 


diamine was omitted and plasma eluates were 
directly extracted with isobutanol, the fluorescence 
of the extract was smaller than that of the usual 
reagent blank. This indicates that none of the 
fluorescence measured in the usual test is due to 
preformed plasma components, but is produced 
entirely during the condensation reaction. 


Table 3. Specificity of method 
Formula 


Relative 

fluorescence 


Catechol derivatives 
L-Adrenaline 

Adrenochrome 


L-Noradrenaline 


Epinine 

Isoprenaline 

Catechol 

L-Dihydroxyphenylalanine 
Other compounds 


(3) HO 
{4)H,0 


^CjHj.CHOH.CHj.NHCHj (1) 



(3) HO. 

(4) HO 

(3) HO. 

(4) HO 

(3) HO 

(4) HO 

(1) HO. 

(2) HO 

(3) HO 


^oHj.CHOH.CHj.NH. (1) 
^,H j . CHj . CHj . NHCH3 


CH; 


(4) HO' 


^CjHj .CHOH . CH2 . NHCh/^^ 
'>C.H, 




CHNH,.CO„H 


100 


100 


20 

48 

56 

96 


0-2 


Ephedrine 

/NHj 

CeHj.CHOH.CH< 

^CH, 

2x10-^ 

Amphetamine 

/NHj 

CeHs.CHj.CH/ 

^CH, 

1 X 10-6 

Tyramine 

(p) HO.C.H^.CHj.CHj.NHj 

3 X 10-= 

Resorcinol 

(1) HO.^ 

>C«H4 
(3) HQ/ 

~0 

Quinol 

(1) HO. 

>C.H, 

(4) HQ/ 

~0 

Nicotinamide 

CjHjN.CONHj 

~0 


pounds, for which indole ring closure is required. 
But this is of no practical consequence since 
physiological catechol derivatives which are not 
capable of indole ring closure, such as diliydroxy- 
phenylalanine and, possibly, dihydroxyphenyl- 
serino, are largely eliminated by the extraction 
procedure. 

Hfiien the condensation reaction with ethylene- 


The fluorescence intensity produced by nor- 
adrenaline is one-fifth that produced bj' an equi- 
molar amount of adrenaline. The fluorescence 
produced by a mixture of both substances is equal 
to the sum of the fluorescence produced by the 
separate components. There is thus no mutual 
mterference like that observed imder different 
conditions by Heller e( al. (1950). 
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Rate of autoxidation 

When plasma was diluted with an equal amount 
of sodimn acetate buffer, adjusted to pH 8-4, and 
shaken in air, added adrenaline was found .to 
disappear at about the same rate as the preformed 
material (Table 4). To facilitate autoxidation, 
sodium tliiosulphate was omitted from the anti- 
coagulant solution and the sodium acetate solution 
used in the experiment was not previously purified 
by cation exchange. 

The experiment shows that in its autoxidiz- 
ability the preformed substance behaves like 
adrenaline. ' 

Table 4. A-Utoxidation of preformed and added 
adrenaline in human plasma 

(Blood (150 ml.) collected in 60 ml. 2 % NaF 
(no NajSjOj).) 

Adrenaline (/ig./l.) 

r ^ ^ 

Foimd 


Added 

Initial 

After 30 min. 
shaking in air 
(37°, pH 8-4) 

Loss 

(%) 

0 

3-1 

1-6 , 

48-5 

20 

22-9 

9-8 

67 


Action of amine oxidase 

It could further be shown that an extract of rabbit 
liver removed preformed material and added 
adrenaline at an equal rate from plasma (Table 5). 
The extract was inactivated by boiling and in- 
hibited by ephedrine, a specific inhibitor of amine 
oxidase (Blaschlso, Richter & Schlossmann, 1937). 
The inhibition by ephedrine was the same whether 
the enzyme acted on the preformed substance or on 
added adrenaline . It may therefore be concluded that 
the action ofthe liver extract was due to itscontentof 
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amine oxidase, and that the substance preformed in 
plasma is an amine derived from catechol with affini- 
ties for amine oxidase similar to those of adrenaline. 

It remained to be shown that the entire fluor- 
escence measured in the test was due to this sub- 
stance and was not the resultant of several 
components. It was found that amine oxidase 



Fig. 2. Action of amine oxidase on preformed reacting 
material in human plasma. Enzyme prepared as in 
experiment of Table 5. Plasma (16 ml.) incubated ■with 
3 ml, liver extract at 37°. Kesults were corrected by 
subtracting the fluorescence obtained in controls con- 
taining 15 ml. water + 3 ml. liver extract. 

quantitatively removes the preformed material 
from plasma (Fig. 2). The plot is that of a first-order 
reaction, i.e. a straight line is obtained on a serm- 
logarithmic scale. The bulk of the reactiiig material 
is therefore either a single substance or a mixture 
of substances ■with similar affinities for the 
enzyme. 


Table 5. Action of amine oxidase on preformed and added adrenaline in plasma 

(Enzyme: rabbit liver homogenized ■with 1 part water and centrifuged. Residue washed ■with 1 part water. Combined 
supernatants dialysed against running distilled water at 0° for 16 hr. Blood (150 ml.) collected in 50 ml. NaF-Na-SaOs 
solution. Samples contained 15 ml. plasma, ■with or without 3 ml. liver extract. Incubation at 37° for 2 hr.) 


Sample no. 

Addition to plasma 

81 

0 

82 

O'Ol M-Ephedrine 

S3 

Liver extract, boiled 

■ 84 

Liver extract -t 0-01 M-ephedrine 

85 

Liver extract 


Adrenaline found (fig./h) 


After adding 

Preformed 10 pg./l. 


3- 7 11-2 

4- 0 11-7 

4-3 130 

3-4 10-1 

1-4 4-1 


xlOO 


Disappearance (83-85) 

„ /(S3-S6) 

Percentage disappearance I ^ : 

Percentage inhibition by ephedrine ^ 


') 


2-9 

67-5 

69 


8-9 

68-5 

67-5 
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ESTIMATION 

The. identity of the adrenaline-like substances 
in blood 

Xt is now genoraily accepted that a mixture o£ 
adrenaline and noradrenaline, in varying propor- 
tions, occurs not only in the adrenal medulla, hut 
in all tissues containing functional post-ganglionic 
S5nnpathetic fibres, and that it is discharged into the 
blood stream when these fibres are stunulated (cf. 
references in a review by von Euler, 1950). The 
sympathomimetic amine occurring in human and 
cattle blood is, according to von Euler & Schmiterlow 
(1947), largely L-noradrenaline with an admixture 
of about 4 % adrenaline ; rabbit blood, on the other 
hand, contains mainly adrenaline, according to West 
(1947), A third sympathomimetic amine, hydroxy- 
tyramine, may be the physiological precursor of 
noradrenaline (cf. Blascliko, 1950). Traces have been 
found in the adrenals (Goodall, 1950) and in urine 
(Holtz & Credner, 1942 ; von Euler & Hellner, 1951), 
but its concentration in blood is probably negligible. 

Chemical, biological and chromatographic me- 
thods are available to distinguish between these 
amines, but these methods are generally not sensitive 
enough for application to the low concentrations 
occurring in blood. Thus the measurable l im its 
which can be attained in the set of five pharmaco- 
logical tests devised by Gaddmn, Peart & Vogt (1949) 
are given as 10 (xg./l. for adrenaline and 100 pg./l. for 
noradrenaline. 

Nevertheless, at our request. Dr T. B. B. Crawford 
of the Department of Pharmacology, University of 
Edinburgh, applied the rat-uterus method to a 
plasma eluate which we had sent. Its apparent 
adrenaline content had previously been estimated 
by our method and amoimted to 3-0 pg./l. In the 
rat-uterus test adrenaline causes a depression of the 
contraction elicited by carbachol. The plasma eluate 
had a small effect in the wrong direction, since the 
response to carbachol was slightly increased. The 
addition of adrenaline to the eluate in a concentra- 
tion of 2- 5 fig./l. was more than enough to antagonize 
the slight stimulant action. A reagent blank did not 
affect the definite response of the rat uterus to a 
solution containing 2-5 fig. of adrenaline/1. 

In our opinion, this result does not yet definitely 
exclude the identity of the plasma substance with 
adrenaline. As pointed out by Gaddum et al. (1949), 
blood contains interfering substances whose effect 
on tb e rat uterus is antagonistic to that of adrenaline. 
The eluate tested was not free of this interference 
and it is conceivable that the amount of preformed 
adrenaline was just adequate to counterbalance 
most of the antagonistic effect. It is, however, far 
more probable, especially in view of the results of 
von Euler & Schmiterlow (1947), that the bulk of 
the plasma substance is identical with noradren- 
ahno rather than adrenaline. Work is in progress 
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to decide tliis problem by paper-chromatographic 
methods. 

For many questions of clinical interest relative 
figures for the combined level of sympathomimetic 
amines in blood would be of value, provided there 
are no drastic changes in the proportion of the 
components. Such figures can be obtained in the 
clinical laboratory by the method described. 
Pending a final identification of the reacting material 
the results have been expressed in terms of 
adrenaline. To convert them to noradrenaline 
concentrations the figures have to be multiplied 
by 5. 

The concentration of adrenaline-like substances 
in human blood 

Fifty -four samples of blood were collected from 
the staff and patients of Runwell Hospital under 
ordinary conditions. The mean amine concentra- 
tion corresponded to 3‘39 ± 0-043 fig. adrenaline/1, 
plasma. Variations from the mean were compara- 
tively slight, the range being from 2-9 to 4-3 fig-A- 
The values for the normal adrenaline content of 
blood reported by previous authors are notoriously 
divergent (for reviews of the literature see Lehmann 
&Michaelis,I942; Jorgensen, 1945;Blaschko, 1950). 
Most of them are much higher than those foimd by 
our method, a clear indication that the methods 
used were lacking in specificity. There are, however, 
some results, such as those of Bloor & BuUen (1941) 
and especially those recently obtained by Anrep, 
Barsoum & Gabrawy (1950), which broadly agree 
with ours, or such as those of Lund (19495) which, 
at least, do not contradict them. Expressed as 
li-noradrenaline our restdts are in remarkably good 
agreement with the value of 10-20 fig./l. found by 
von Euler & Schmiterlow (1947). 

Someauthors (Stewart &B.ogoff, 1917 ; Trendelen- 
burg, 1923; Guyton & Gillespie, 1951) tried to 
calculate the circulating concentration of adrenaline 
from a consideration of the rates of secretion and 
elimination or the amounts required to maintain 
blood pressure after adrenalectomy. They all 
arrived at figures in the neighbourhood of 1 fig./l. 
It seems that, in order of magnitude, these estimates 
which neglected extra-adrenal som-ces of sympatho- 
mimetic amines are confirmed by our observations. 

The extremely high values obtained by Lehmaim 
&Michaelis(1942, 1949) andby Annersten, GronwaU 
& Koiw (1950) in non-deproteinized plasma are 
attributed by these authors to a protein-bound, bio- 
logically inactive form of adrenaline. For this there is 
at present no experimental support. As pointed out 
by Lund (19495), it is unlikely that the adrenaline- 
protein complex would remain undissociated when 
plasma is passed through an alumina column. There 
is certainly no retention of adrenaline when it is 
added to plasma. 
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Changes of plasma adrenaline concentration 
under various conditions 

Electrical stimulation of the brain by external 
electrodes may increase the apparent adrenaline 
level in plasma by as much as 100%, whether 
convulsions occur or not. In general anaesthesia, 
on the other hand, the adrenaline content may fall 
to about 40 % of the initial value. 

Contrary to a widely held opinion a highly 
significant fall of the adrenaline level in blood is 
invariably observed during insulin h 3 rpoglycaemia. 
This phenomenon is fully developed within 30 min. 
after the intramuscular injection of insulin, long 
before consciousness becomes clouded. The effect is 
not due to an exhaustion of the adrenergic system, 
since an intravenous injection of glutamic acid, or 
the conduction of electric current through the brain, 
during hypoglycaemic coma, causes a pronounced 
rise of blood adrenaline. 

These effects will be fully reported in a later 
publication. 

SUMaiARY 

1. A fiuorimetric method for the estimation of 
adrenaline -lilm substances in blood is described. 
It consists of the following steps: (a) filtration of 
plasma-buffer mixtme (pH 8’4) tlirough a column 
of acid-washed alumina and elution of the adsorbed 
amines by dilute acetic acid; (6) heating of the 
eluate at 50° with a mixture of ethylenediamine and 
ethylenediamine dihydrochloride; (c) extraction of 
a stable fluorescent condensation product with 


1952 

isobutanol; {d) measurement of fluorescence. The 
method has the advantage, compared with previous 
methods, that adrenochrome, a labile oxidation 
product of adrenaline formed as an intermediary, is 
trapped in the nascent state and quantitatively 
converted into a stable condensation product. 

2. A series of recovery experiments showed that 
added adrenaline was quantitatively recovered with 
a standard deviation of about 5 % . Concentrations 
^ 1 /ig./l. may be determined by the method. 

3. A study of the specificity of the method and of 
the action of amine oxidase led to the conclusion 
that the reactive material in blood consists entirely 
of amines derived from catechol. Whether this is 
adrenaline, noradrenaline or a mixture of both, 
remains to be further investigated. 

4. Expressed in terms of adrenaline the mean 
concentration observed in human venous blood 
under normal conditions is about 3 ptg./l. Since the 
fluorescence formed from noradrenaline is one-fifth 
of that produced by adrenaline, figures of adrenaline 
concentrations have to be multiplied by 5 to convert 
them to noradrenaline concentrations. 

5. Some further results obtained with the method 
are briefly reported. 

We are greatly indebted to Prof. J. H. Gaddum, P.E.S., 
and to Dr T. B. B. Crawford for their co-operation in 
carrying out pharmacological tests on a plasma eluate, and 
to Jlr N. W. Ellis for help and advice concerning the 
adaptation oftheIJnicam spectrophotometer to fiuorimetry. 
We also wish to acknowledge a gift of L-noradrenaliue by 
Messrs Bayer Products Ltd. and of epinine and isoprenaline 
by the Wellcome Poundation Ltd. 
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The acid mucopolysaccharide of cornea is present in 
the ground substance between the collagen fibres of 
the stroma. Although the presence of such a sub- 
stance has been Imown since the work of Momer 
(1894) its chemical nature has been the subject of 
much discussion and the relation between the 
mucopolysaccharide and the collagen fibres has not 
been considered. Such information is of value for 
many reasons, amongst which can be mentioned the 
control of the permeability of the stroma, and the 
possible dependence of the transparency of the 
tissue on the relation between the mucopolysac- 
charide and the collagen fibres. 

Meyer & Chaffee (1940), who summarized the 
earlier work on the corneal mucopolysaccharide, 
obtained a protein-free preparation from an extract 
of the water-insoluble residues of cornea. This pre- 
paration gave positive reactions for a uronic acid, 
for acetyl groups, and for ester-S; glucosamine 
hydrochloride was isolated from a hydrolysate. 
These substances were present in equimolecular 
amounts. Moreover, they found that the comeal 
mucopolysaccharide was a substrate for enzyme 
preparations having hyaluronidase activity, and 
they therefore suggested that it was a natural 
sulphuric acid ester of hyaluronic acid. The optical 
rotation was in keeping with this hypothesis, and 
they called the comeal mucopolysaccharide hyal- 
monosulphate. 

Wislocki, Bunting & Dempsey (1947) foimd that 
the intensity of metacliromasia in sections of cornea 
stained with toluidine blue was not reduced by treat- 
ment of the sections with hyaluronidase, but drew 
no conclusions from the observation. In a further 
paper (Dempsey, Bimting, Singer & Wislocki, 1947), 
they described the basophilia-pH curve of various 
tissues containing mucopolysaccharides. That of 
the cornea resembled those for tissues containing 
hyaluronic acid, in having the basophilia suppressed 
at pH 4. As an interpretation they suggested that 
the ester-S groups were not ionized in the intact 
tissue, or that they were absent from the mucopoly- 
saccharide. 

Wemer & Odin (1949) analysed by paper chro- 
matography a mucin from the aqueous extract, and 
an acid mucopolysaccharide obtained from the 
water-insoluble residues of cornea. Both prepara- 
tions contained glucosamine, glucuronic acid. 


galactose, mannose and ester-S . Glucose was present 
in the digest from the aqueous residues but not in the 
mucin. They suggested that the cornea contams 
both a neutral and an acid mucopolysaccharide. It 
is difficult to evaluate their results as it is apparent 
that neither of their preparations was homogeneous 
and, although they suggested a progressive liberation 
of monosaccharide residues on acid hydrolysis, they 
did not report the position on their chromatograms 
of products of partial hydrolysis. 

Evidence for the inactivity of hyalmonidase in 
the cornea was offered by Woodin (1950o), who 
found that enzjme preparations from several 
sources were without action as spreading factors, 
even under artificial conditions chosen to facilitate 
diffusion. 

In this investigation, the stages in the extraction 
and purification of the mucopolysaccharide have 
been followed by a chemical and electrophoretic 
analysis in an attempt to determine the way in 
which the mucopolysaccharide is combined in the 
intact tissue. The action of hyaluronidase on the 
mucoids and mucopolysaccharide has been in- 
vestigated, and a preliminary analysis of the muco- 
polysaccharide by paper chromatography has been 
attempted. Evidence so obtained shows that the 
comeal mucopolysaccharide cannot be described as 
a sulphuric acid ester of hyaluronic acid. It has 
been found further that the mucopolysaccharide is 
capable of forming complexes with proteins present 
in the tissues and it appears that, in situ, the muco- 
polysaccharide is in combination with proteins of the 
collagen group. 

METHODS 
Analytical methods 

The analysis figures given in this paper refer to the dry, ash- 
free, material. The ash content of solids was determined 
after incineration with HjSO^ . When solutions were analysed 
they were dialysed against 0-001 x-HCl and subsequently 
against distilled water. The dry weight was then determined 
by drying at 100° and it was assumed to be ash-free. In 
Bonie cases this was confirmed by ashing, 

Totalnitrogen. KjeldahldigestionforS hr. with a selenium 
catalyst was followed by distillation in the Markham stUl. 
The distillate was collected in 0-0lN-Ba(OH)2 and titrated 
against O-Olx-HCl with a mixed methylene blue-methyl 
red indicator. 
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Ester sulphate was determined by the gravimetric pro- 
hydrolysis in 5-8 n-HC 1 at 100° 

“g- BaSO^ were weighed and dupli- 
cates differed by 10%, 

Hexosamine. This was determined by the modified Elson- 
Morgan reaction described by Pirie (1949). In the condensa- 
tion reaction with acetyl-acetone the necks of the tubes were 
cooled with running water. Analytical figures given here 
refer to aU the material which reacts with the Elson-Morgan 
reagents. In the early stages of this work, reported by 
Woodin (19606), glucosamine standards were incorporated 
after the hydrolysis, but Ogston & Stanier (1950) have 
shown that glucosamine is destroyed when it is heated in 
acid solution and this result has been confirmed here. AU 
resets reported in this paper were obtained from standards 
which had been put through the hydrolysis procedure given 
to the comeal material. 
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evaporated to dryness. About 
300 pg. of the neutraUzed hydrolysate were added to the 
chromatogram, some cases the neutralized Uydrolysate 
was treated with ion-exchange resins before being added to 
the papers, Zeo-Karb 215 and De-acidite E were ground to 
a 40-mesh powder and 20 ml. wet vol. of each put into' 
wlumns. The resins were washed and then regenerated with 
HCl and NH4OH, respectively. The neutralized hydrolysate 
was diluted and 3 ml., containing 6 mg. of sohd, pressed into 
the column. The non-absorbed sugars were washed out with 
20 ml. water. A standard solution of galactose, glucosamine, 
and glucurone was put through the columns as a control. 

When the amino-acid composition of the mucoids was 
required, they were hydrolysed in 6 n-HG 1 for 12 hr, and the 
acid removed in vacuo. Two-dimensional chromatograms 
were run in phenol-NHj-KGN and in coUidine. They were 
developed -with ninhydrin. 



Fig. 1 shows the rate at which hexosamine is liberated 
from the cornea on acid hydrolysis. As a routine method the 
comeal material was hydrolysed in 5'8 n-HG 1 for 6 hr, at 
100 °. 

Electrophoresis 

This was done in the Tiselius apparatus at -t 2° with the 
optical system of Philpot (1938). The conductivity of the 
buffer solutions was measured at 0°. The pH was measured 
at 0° by a glass electrode calibrated against 0-05M-phthaIate 
buffer, pH 4-0. To reduce boundary anomalies and viscosity 
effects, solutions containing a high concentration of salt and 
a low concentration of colloid were used. The comeal 
material was dialysed against a buffer containing NaCl 
(I NaCl 0'18 , 1 buffer 0-02) and then the solution diluted to 
give a refractive increment of 0-75 x 10-“. 

Chromatography on filter paper 

The techmques and purification of solvents were those 
described by Partridge (1948a). The chromatograms ■were 
developed with anilinehydrogenphthalate (Partridge, 1949), 
the Elson-Morgan reagents (Partridge, 1948a) and with the 
AgNOj-KOH reagent (Trevelyan, Proctor & Harris, 1950). 
ThemucopolysaccharidewashydrolysedinN-H-SO^i for 6hr. 
or in 5 jr-HjSOj for 5 hr. The hydrolysates were brought to 


lonophoresis on filter paper 

The apparatus described by Durrum (1950) was con- 
structed and a ‘ power pack ’ used as the source ofthe current. 
Samples of the hydrolysate and of the standard sugars were 
put in line along the centre of a sheet of filter paper and the 
sheet draped over a glass rod with the line of spots as the 
apex. The apex was 25 cm. above the level of the electrolyte. 
A potential of 400-600 V, was then applied across the paper. 
After drying, the papers were developed with the aniline 
hydrogen phthalate, or the AgNOj-KOH, reagents. No 
interference with the developers was found with O'Ol N -NHj , 
O-OIm-KHoPOi, O-OlN-NaoHPOi or 5K-acetic acid, as 
electrolyte. In some cases the hydrolysate was first run as a 
partition chromatogram and then, afterremoving the solvent 
and adding the electrolyte, a potential was applied at right 
angles to the direction in which the chromatogram had been 
irrigated. 

Hyaluronidase preparations 

The enzyme preparations have been described previously 
by Woodin (1960o). The activity of the comeal mucopoly- 
saccharide as substrate for hyaluronidase was assessed by 
measuring the reducing power of the solutions (Hagedom & 
Jensen, 1923) after incubation with the enzyme. The solu- 
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tions of the corneal material were dialysed against a phos- 
phate buffer containing NaCl (O-llM-NaCl, 0-02M-phos- 
phate) before incubation. The pH of the buffer was 4'6, 6-5, 
7*0, respectively, when testis. Cl, wbIcJiH, and streptococcal 
hyaluronidase, was used. The concentration of the corneal 
mucoids and mucopolysaccharide was deduced from the 
hexosamine content of the dialysed solutions. 

Test of enzyme digestion 

The dialysed substrate solution (2 ml.) was put in tubes 
and 0*1 ml. of the enzyme added. The mixed solution 
(0*5 ml.) was immediately withdrawn and added to the 
Hagedom-Jensen reagent. The rest of the solution was 
incubated at 37° {see Table 5) and then 0*5 ml. withdra^vn 
and added to the Hagedom-Jensen reagent. 

A crude preparation of hyaluronic acid from ox vitreous 
filtrate was digested in parallel. The filtered vitreous was 
precipitated with 3 vol. of acetone containing 3 % acetic 
acid, and the precipitate collected, suspended in water, and 
dialysed. The insoluble material was rejected and the super- 
natant precipitated again with acid acetone. The precipitate 
was then dried. After dialysis against the appropriate 
buffer, the concentration of the hyaluronic acid was deter- 
mined from the hexosamine liberated after hydrolysis in 
6*8 n-HC 1 for 6 hr. at 100°. 

Viscosity measurements 

These were made at 25° in an Ostwald viscosimeter 
having a flow time of 20 sec. for 3 ml. water. The comeal 
mucoids were dialysed against a phosphate-NaCl buffer at 
pH 7 (/NaCl 0*18, /phosphate 0*02). The concentration of 
the solutions was determined from their nitrogen content. 
For each substance investigated, a curve was constmcted 
relating the concentration to the log. of the relative vis- 
cosity. This relationship was linear and in the section 
describing the results the viscosity of the mucoids will be 
given as log for a 0*5 % solution. 

Preparation of material 

The corneas were cut from ox eyes 2-3 hr. after the death 
of the animal, rinsed in distilled water, and frozen into 
blocks. They were then cut to 20 p. sections on the freezing 
microtome. The sections could then be dried by subUmation, 
or by acetone, or could he extracted directly. 

Extraction of the cornea 

In general a known weight of the sections (of which the 
dry weight and ester-S content was known) was suspended 
in the solvent using about 25 ml. for each gram, dry weight, 
of the sections. The suspension was brought to pH 8, left for 
3—4: days at 0°, and then centrifuged and the residues ex- 
tracted again twice. Finally the residues were dialysed till 
free from Cl~ and their dry weight and ester-S content 
determined. 

Stdphaiasc activity 

If the extraction experiments were to be of value, it was 
important to know whether the comeal sections had a 
sulphatase activity. 1 g. sections, dried by sublimation, 
was suspended in water, the pH of the suspension being 6*7, 
and then incubated at 37° in the presence of toluene for 
24 hr. A further sample was heated to 100°, 25 ml. of boiling 
water added and the suspension kept at 100° for 15 min., 
Bioehem. 1052, 51 


then cooled and incubated at 37° for 24 hr. At the end of the 
incubation period the tubes were filtered, the filtrates 
acidified and the mucin was centrifuged off. O-Ssi-BaClj 
(1 ml.) was then added to 16 ml. of the supernatant. A 
visible precipitate of BaSOi was produced in each case, but 
neither weighed more than 200 /xg. 


RESULTS 

Composition of the cornea. The sections of cornea, 
after washing in acetone, contained 0*25-0*26 % 
ester-S and 3*00-3*25 % hexosamine. The ester-S 
corresponds to a mucopolysaccharide content of 
4*2%. On the basis of their final yield, Meyer & 
Chaffee (1940) gave the mucopolysaccharide content 
ofthecomeaas 1*8%. Only 54% of the hexosamine 
of the cornea is accoimted for as a component of the 
mucopolysaccharide. Under the conditions of the 
test, the comeal sections had no sulphatase activity. 
The inorganic sulphate in the cornea represents less 
than 6 % of the ester sulphate. 

Extraction of the mucoids from cornea. Meyer & 
Smyth (1937) used 10 % calcium chloride to extract 
acid mucopolysaccharides from connective tissues. 
Partridge (19486) obtained good yields of chon- 
droitin sulphate by extracting cartilage with 10 % 
calcium chloride. Extraction -with sodium chloride 
at pH 8 is the basis of the Bergman & Stein (1939) 
method of preparing collagen and was used by Pirie 
(1947) to free comeal collagen from the ground 
substance. These methods have been compared 


Table 1. Extraction of cornea at pH 8 

(Where sections were extracted successively by different 
solvents the amount of mucoid dissolved, given in column 3, 
is the percentage of that initially present in the intact tissue. 


The amount in the residues is that 
tion with all solvents.) 

remaining after extrac- 

Ester-S Ester-S in 

Nature of 


dissolved 

residues 

sections 

Solvent 

(%) 

(%) 

Dry 

10% CaClj 

45-50 

0*2 

Wet 

10% CaCl, 

60-65 

0*1 

Wet 

( 0 ) 10% NaCl 

40 



(6) 10%CaCl. 

30 

0*09 

Wet 

( 0 ) Water 

20 



(5) 10% NaCl 

30 




(c) 10%CaClj 

35 

0*05 

Swollen 

10% CaClj 

85 

0*06 




■LAiiwttuy wie Lissue was aehycirated wiuj 
acetone to denature W'ater-soluble proteins, but i 
has been found that drying the tissue reduces th 
efficiency of the extraction. A better yield wa 
obtained from sections which had not been dried 
The most efficient extraction was from section 
which had swollen in water to give a wet weight/dr 
weight ratio of 32. o / . 

The resifits of the extraction experiments ar 
given m Table 1. The same efficiency of extraction 0 
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dry sections was found whether (hying was by 
acetone at room temperatme or at —10°, or by 
sublimation. Heating the sections at 45° for 30 min. 
(Partridge, 19485) did not increase the yield of 
mucoid. 

More mucoid could be dissolved from the residues 
after extraction at pH 8 by heating them at 37° and 
pH 1 1 for 30 min. Although a mucoid rich in ester-S 
could be recovered by fractionation of this extract, 
the residues from the extraction at pH 8 and at 
pH 11 contained the same amount of ester-S. It 
appears that protein and mucopolysaccharide are 
dissolved to the same extent at pH 11. 
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ethanol at — 10°. These substances will be called the 
‘insoluble mucoids ’, and the ‘soluble mucoids ’, 
respectively. The insoluble mucoids were washed 
with water and the suspension frozen and dried by 
sublimation. The soluble mucoids were dissolved in 
water and dried by sublimation. 

We shall be concerned with the extracts made from 
acetone-dried sections, from water-swollen sections, 
and from the residues remaining after extraction of 
the sections with water. Only the extracts made in 
calcium chloride solution have been studied to any 
extent. The soluble mucoids and the insoluble 
mucoids will be described separately. The soluble 


Table 2. Composition of comeal extracts 



N 

Ester-S 

Hexosamine 


(%) 

(%) 

(%) 

(1) Extract made in distUled water 

13-1 

0-53 

7-3 

(2) Direct precipitation with 3 vol. ethanol and 0-5% sodium 
acetate of extract made in 10% CaCh : 

From dry sections pH 8 

134 

0-70 

8-8 

From fresh sections pH 8 

T2-3 

0-70 

9-0 

From fresh sections pH 8 with heat treatment 

14-6 

— 

7-5 

From fresh sections pH 11 (after pH 8 extraction) 

14-8 

0-80 

6-0 

(3) Water-soluble mucoids prepared by 1 vol. ethanol 
precipitation of dialysed CaCL extract, pH 8: 

From dry sections 

11-5 

1-1 

114 

From swollen sections 

114 

1-3 

11-7 

From water-extracted sections 

11-2 

2-1 

12-7 

(4) Water-soluble mucoids from dialysed CaClj extract, 
not fractionated with ethanol: 

From dry sections 

12'2 

0-73 

8-2 


Table 3. Electrophoresis of soluble mucoids 

(The refractive increment of the solution was about 0-75 x 10"® in a buffer of composition I NaCl 0'18, 1 buffer 0'02. 
A current of 0'01-0'02 amp. was passed for 6-8 hr.) 

Contribution of 

fastest to total Hexosamine/nitrogen 


Origin 

pH 

No. of 
components 

refraction 

(%) 

ratio of fastest 
component 

Dry sections 

905 

2 

60 

1-3 

6-80 . 

2 

62 

1-3 

Swollen sections 

6-8 

4 

50 

14' 


4-7 

3 

50 

— 

Water-extracted sections 

6-8 

2 

62 

2-6 


Fractionation of the extracts. In the earliest stages 
of this work the extracts were precipitated directly 
with 3 vol. ethanol and sufficient sodirnn acetate to 
give a final concentration of 0-5%. The solid ob- 
tained had a high ash content and was only partly 
soluble in water and dilute salt solutions ; moreover, 
it gave unsatisfactory results when fractionated by 
the methods described below. The composition of the 
products of direct precipitation is given in Table 2. 

Subsequently, the extracts made in salt solutions 
were dialysed against running tap water and then 
against distfiled water . Aprecipitate appeared during 
the dialysis and material remained in solution which 
could be recovered by the addition of 1 vol. of 


mucoids account for 85 % of the total amount of 
ester sulphur extracted from the swollen sections, 
and for 80 % of the total extracted from the dry 
sections. Fig. 2 summarizes the fractionation pro- 
cedures described below. 

The soluble mucoids 

The composition of the soluble mucoids is given in 
Table 2. Solutions of the soluble mucoids were 
examined in the Tiselius apparatus since it was 
hoped to prepare a protein-free preparation of the 
mucopolysaccharide by the electrophoretic method. 
However, as Table 3 indicates, the fast components 
of the mucoids always contain considerable amounts 
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of protein. The mobility of the slowest component 
was very low and these results are not evidence for 
its homogeneity. 


represent part of the water-soluble proteins of the 
cornea. They are absent from the extract from dry 
sections, perhaps because of .denatiiration by the 


Cornea 


Extracted with 
10% CaClj 


Residues 


Extract 

Dialysed 


Solution 


Precipitated 
with ethanol, 

1 vol. at - 10° 


— I 

Precipitate 

‘Insoluble 

mucoid’ 


Fluid 

discarded 


‘Soluble mucoid’ 


Solution 


Extracted with 
phenol (92%, w/v) 


Precipitated with 
ethanol, 3 vol. 


Insoluble 

RESIDUES 


Fluid 

discarded 


Solid 


Dialysed 
against water 


Solution 


Dissolved 
in phenol 


Solution 


Solution 


Dialysed 


Solid 

‘ Phenol-insoluble 
mucoid’ 


Precipitated 
with ethanol 


• Fluid 
discarded 


Flmd 

discarded 


Solid 


Precipitated 
with ethanol 


Solid 


(1) Digested with 
trypsin 

(2) Dialysed 

(3) ‘Sevag Technique’ 
applied 


Solution 


(1) Dialysed 

(2) Precipitated 
with ethanol 


Interfacial 

PRECIPITATE 

(Rejected) 


Fluid 

discarded 


Trypsin product 


Fig. 2. Diagram of fractionation procedure. 


At pH 4-7 tho fast component of the soluble 
mucoids from tho swollen sections contained 1 1-0 % 
nitrogen and tho other components contained 
•0 /(, nitrogen. The two components of inter- 
mediate mobility present in this extract probably 


acetone, and from the soluble mucoids from the 
aqueous residues because of the prelimina^ wnS 
extraction. Preliminary experiments on thY 
soluble fraction of theTorneVmoi 

The e^Ltr/irc:;:;! 


21-2 
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ponents at pH 6-8, the fastest being responsible for 
20 % of the total refraction and having a mobility of 
the same order as that of the soluble mucoids from 
dry and swollen sections. \^Tien the aqueous extract 
was precipitated with 3 vol. of ethanol and 0-5 % 
sodimn acetate at — 10°, the precipitate did not 
dissolve when suspended in water and dialysed. 

The mobilities of the fast components of the 
mucoids is given in Table 4. 
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The phenol-insoluble fraction from dry sections 
separated into two components on electrophoresis 
at pH’s 6-8 and 3-97. The slow component repre- 
sented 25% of the total refraction, of which an 
unknown amount was due to the ‘boundary 
anomalies’. The slow component was not identical 
with the phenol-soluble fraction of the soluble 
mucoids since it persisted through successive phenol 
extractions and ethanol precipitations. A sample 


Table 4. Electrophoretic mobilities of fast compojtents of the mucoids 
(The electrolyte had the composition / NaCl 0-18 , 1 hufifer 0-02. The mobilities are means from both limbs.) 


Origin 

Soluble mucoids from acetone-dried sections 

Soluble mucoids from swollen sections 

Soluble mucoids from water-extracted residues 
Aqueous extract 

Phenol-insoluble mucoid from acetone-dried sections 

Phenol-insoluble mucoid from swollen sections 
Phenol-insoluble mucoid from water-extracted residues 
Trypsin product from dry sections 
Trypsin product from swollen sections 
Trypsin product from aqueous residues 

Extraction of the soluble mucoids with phenol 

That polysaccharides can he separated from 
proteins by extraction with phenol was first shown 
by blorgan & Partridge (1941), for mucoids of 
bacterial origin. Phenol has subsequently been used 
to reduce the protein content of mucoids from con- 
nective tissues (Rogers, 1945; Partridge, 19486). 
HTien the soluble mucoids from aU tlmee types of 
comeal sections were extracted with 92% (w/v) 
phenol at room temperature, a separation was 
achieved into a fraction soluble in phenol and one 
insoluble in phenol. 

Phenol-insoluble fraction 

The insoluble fraction was suspended in water and 
dialysed, when it gave an opalescent solution, 
A solid was precipitated by the addition of 2 vol. of 
ethanol, redissolved in water and dried bj'^ sublima- 
tion. The soUd was extracted again with phenol, 
dialysed, precipitated with ethanol, dialysed, and 
dried by sublimation. So prepared, the phenol- 
insoluble material had the composition : 

From dry sections: 8-0 % N, 18-4 % hexosamine, 
3'6%ester-S. 

From swollen sections; 8-3% H, 19-0% liexos- 
amine. 

From water-extracted sections: 8-7 % H, 21’0% 
hexosamine. 


Mobibty 


Buffer 

pH 

[i. X 10^ (cm.“ sec. 

Glycine 

905 

-7-6 

Phosphate 

6-80 

-7-4 

Phosphate 

6-80 

-7-8 

Acetate 

4-7 

-7-2 

Phosphate 

6-82 

-9-12 

Phosphate 

6-80 

-8-05 

Phosphate 

6-90 

-9-0 

Acetate 

3-97 

-8-6 

Phosphate 

6-25 

-9-2 

Phosphate 

6-82 

-9-4 

Phosphate 

6-80 

-9-25 

Phosphate 

6-64 

-9-4 

Phosphate 

6-62 

-94 


was isolated and foimd to contain about 5-10% 
hexosamine. The phenol-insoluble material from 
the swollen sections contained a small amount of 
this slow component, but the phenol-insoluble 
material from the water-extracted sections con- 
tained less than 2 % of a slow-moving component. 

The fast components of these phenol-insoluble 
mucoids had similar mobilities (see Table 4), and 
a Hexosamine/Hitrogen (H/N) ratio of 2-5-3-0. A 

0- 5 % solution of the fast component of the phenol- 
insoluble material from the dry sections .had 

log?«i.= 0 ’ 28 - r- 1. 1 1 

The amino-acid composition of the phenol- 
insoluble mucoid from the water-extracted residues 
was determined by paper chromatography. The 
presence of glycine, alanine, proline, hydroxy- 
prolLne, glutamic and aspartic acids, arginine, 
lysine, valine, serine and threonine, and an area 
corresponding to phenylanaline and the leucines 
could be demonstrated. These amino-acids are those 
shown to be present in collagen by Bowes & Kenten 
(1949). 

The results described above refer to mucoius 
obtained by extraction with calcium chloride 
solutions, men the water-insoluble residues of the 
cornea were extracted with 10 % sodium chloride, 
pH 8, water-soluble mucoids were obtained wth 

1- 9 % ester-S. This, at pH 6-8, had a fast component 
in the Tiselius apparatus which was responsible for 
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56 % of the total refraction. When the dry mucoids 
were extracted with 92% phenol, the nitrogen, 
content of the insoluble fraction could not be 
reduced below 8-0 %. It is hence imlikely thait the 
association between the polysaccharide and the 
protein in the corneal extracts is due to a specific 
action of the Ca++ ion. 

Phenol-soluhle fractions 

The first phenol extract of the soluble mucoids 
gave a precipitate on addition of 3 vol. of ethanol, 
but only a slight turbidity was obtained from the 


similar to that of the phenol-insoluble fraction and it 
would appear that both are derived from corneal 
collagen. 

‘Treatment of the phenol-insoluble material with 

chloroform and amyl alcohol 

An attempt was made to reduce the protein content of the 
phenol-insoluble mucoid by the ‘Sevag’ technique. 0-3% 
solutions of the phenol-insoluble material from dry sections 
were made in 0'25M-NaCl, pH 4; 0*25M-HaCl, pH 8; and 
10% CaCb, pH 8, and each was shaken with a mixture of 
4 vol. of chloroform and 1 vol. amyl alcohol. The interfacial 
precipitate from the successive shakings was collected, and 




{d) (e) 

Fig. 3. Electrophoretic diagrams of comeal extracts. In all cases the buffer had the composition INaCl 0'18, I buffer 
0'02. The photographs have been taken with the slit at a high angle and are of the descending limbs with migration 
from left to right, (a) Aqueous extract, pH 6-8, 3 hr. from start. (6) Soluble mucoids from dry sections, pH 6-8, 2 hr. 
from start, (c) Phenol-insoluble mucoids from swollen sections, pH 6-8, 2-5 hr. from start, (d) Soluble mucoids 
from swollen sections, pH 6-8, 4 hr. from start, (e) Soluble mucoids from swollen sections, pH 4-7, 3 hr. from start. 


second phenol extract. The solid precipitated from 
the phenol solution was dried and dissolved again in 
phenol. Dialysis of this solution against water gave 
a precipitate and a solution from which material 
w'ns precipitated by the addition of 2 vol. of 
ethanol. 

The solid produced by the addition of ethanol to 
the phenol extract of the soluble mucoids from the 
dry sections contained 0-25 % ester-S, 2-6 % hexos- 
nmine, 13 % nitrogen. The solid precipitated during 
the dialj’sis of the phenol extract of the soluble 
mucoid from the water-extracted sections contained 
14-8 % nitrogen. The wmter-soluble, phenol-soluble, 
fraction of the same origin had a H/N ratio of 1-4. 

The hydrolysate of the phenol-soluble, water- 
insoluble fraction derived from the water-insoluble 
residues of cornea had an amino-acid composition 


washed with distilled water by centrifugation, till the super- 
natant was free from 01“. The precipitate contained 
7-5-8-0% N (not corrected for ash content). It appeared 
that the phenol-insoluble mucoid was precipitated un- 
changed. 

Treatment of the mucoids with trypsin 
Solutions of the phenol-insoluble material, and of the 
soluble mucoids, were adjusted to pH 8 and incubated at 
37° with crystalline trypsin until the pH remained con- 
stant. AboutlO mg.oftrjrpsinwereaddedforevery250 mg. 
of hexosamine present in the mucoids. A precipitate which 
appeared in the digest during the incubation was centrifuged 
off, and the supernatant dialysed. The N content' of the 
soluble material could be reduced to 4-5% by this process. 
The dialysed digest was diluted to give an 0-2% solution 
in 10% CaClj, pH 8, and shaken with chloroform and amyl 

alcohol. Whennofurtherinterfacialprecipitateappeared the 

process was repeated at pH 4 and the interfacial precipitate 
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removed. The solution was finally dialysed against 0-001 K- 
HCl, precipitated from the acid solution by 2 vol. ethanol, 
redissolved in water, dialysed, and dried by sublimation. 
After dialysis against 0-001 n-HCI and precipitation from the 
acid solution with ethanol, 10 mg. had no weighable ash so 
that anal 3 rtical figures refer to the free acid and not to a salt. 

The nitrogen content of the ‘trypsin products’ 
varied between 2-9% and 4-0%, and an electro- 
phoretic examination revealed that they were not 
homogeneous. Preparations from all three types of 
comeal section had a fast-moving component and 
a material of very low mobility. In the trypsin 
product from the water-extracted sections, this 
slow component was responsible for 25% of the 
refraction, and in the other products, rather more. 
The fast component contained 3-3 % nitrogen, 
35 % hexosamine, and 6-2 % ester-S. The fast 
component of the trypsin product from the dry 
sections had ]og^„, = 0-14 for a 0-5 % solution. 
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Analysis by chromatography on filter paper 

Analysis of mucopolysaccharides which contain 
rironic acids and hexosamines is complicated by the 
fact that the hydrolysis can proceed in stages with 
destmction of the more labile residues before all the 
glycosidic linkages are broken. Both degradation 
products and products of partial hydrolysis can be 
expected in the hydrolysate. 

The analyses reported below were made on the 
fast component of the trypsin product, isolated 
after electrophoresis at pH 6-8j The same results 
have been obtained whatever the origin of the 
tiypsin product. The hydrolysis conditions used 
have been N-sulphuric acid at 100° for 6 hr. and 
5N-sulphuric acid at 100° for 6 hr. The polysac- 
charide yielded 78 % reducing substances (as 
glucose) after the hydrolysis with 6 n acid; with the 
N acid hydrolysate the reducing power was 38%. It 


Table 5. Hydrolytic action of hyaluronidase 


(AU the corneal substrates ivere derived from acetone-dried sections. The liberation of less than 2-5% of the total 
reducing sugar is not significant and has been neglected in column 5.) 

Reducing Total reducing 

Incubation sugar available sugar liberated 

Substrate 

Enzyme 

time 

(mg.) 

(%) 

Hyaluronic acid 

Streptococcal 

llir. 

1-18 

24 

Cl. wdcMi 

1 hr. 

1-18 

8 ■ 

Phenol-insoluble mucoids 

Streptococcal 

1 hr. 

1-48. 

0 


Cl. welchii 

I hr. 

1-48 

0 

Hyaluronic acid 

Streptococcal 

49 min. 

■ 2-61 

19 

Testis , 

49 min. 

1-69 

9 

Fast component of phenol- 

Streptococcal 

6 hr. 

2-05 

0 

insoluble mucoids 

Testis 

6 hr. 

2-05 

0 

Trypsin product 

Streptococcal 

4 hr. 

2-06 

0 

' 

Testis 

4 hr. 

2-06 

0 


Action of hyaluronidase on the mucoids 
and mucopolysaccharide 

Table 5 gives the results of incubating the corneal 
extracts with hyaluronidase. The depoljrmerase 
activities of the enzyme preparations were such 
that 0- 1 ml. of all enzymes tested disaggregated the 
hyaluronic acid in 2 ml. of the jfiltrate from ox 
vitreous body in less than 60 sec. That theypossessed 
a hydrolytic activity is shown by the reducing 
sugars liberated from the hyalm-onic acid prepara- 
tion. The reducing sugar available in the hjmluronic 
acid preparation was calculated from the apparent 
hexosamine content ; it is probable that hyaluronic 
acid is not the only substance containing hexosamine 
in this preparation (Pirie, 1949), and the figures 
given for the percentage of hydrolysis are probably 
too low. In calculating the percentage hydrolysis of 
both the hyaluronic acid and the corneal material, 
the assumption was made that reducing sugar 
equivalent to 2 equiv. of glucose was present for 
every equivalent of hexosamine. 


was found that all the ester-S was removed by hydro - 
lysis in N-hydrochloric acid for 6 hr. at 100°, and it 
is presumed that sulphuric acid has the same effect. 

Chromatogram irrigated with collidine 

After addition of the hydrolysate and the standard 
sugars to the paper, 5N-ammonia was added to each 
spot and allowed to dry off at room temperature. 
The paper was then irrigated for 48 hr. On de- 
velopment, the presence of galactose, glucosamine, 
and galactosamine in, and the absence of glucurone 
and glucuronic acid from, both hydrolysates could 
be denionstrated unambiguously. There was also 
present in the N-sulphuric acid hydrolysate, a sub- 
stance which extended from the base line to a posi- 
tion 0-2 the distance moved by galactose, and which 
reacted with all three spraying reagents. 
absent from the hydrolysate treated with Zeo^ar 
and reduced in intensity in that treated ivith JJe- 
Acidite. The 5 N-sulphuric acid hydrolysate also 
contained some reducing material of low mobility 
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which gave a diffuse trail from the base-line to a apotential across the paper with O-OlN-ammonia as 
position 0-3 the distance moved by galactose. electrolyte. One of the slow-moving reducing sub- 

stances moved to the anode. 


Chromatogram irrigated with phenol 

Galactose and a hexosamine were present in the 
N-sulphuric acid hydrolysate, and also material of 
low mobility which after 36 lir. irrigation separated 
into two spots and reacted with all three spraying 
reagents. The slower spot moved 0-15 the distance 
moved by galactose and was absorbed by the Zeo- 
Karb but not by De-Acidite. The faster moved 0-35 
the distance moved by galactose and was absorbed 
by both resins. No amino-acids could be detected 
in 0-5 mg. of polysaccharide hydrolysed in. 5n- 
sulphuric acid. 


No glucurone was present in the hydrolysate. Its 
absence is probably not due to destruction since a 
glucurone spot was foimd in a chromatogram from a 
mixture of galactose, glucurone and glucosamine, 
which had been put through the N-sulphuric acid- 
hydrolysis procedure. 

lonophoresis on filter paper 

After the addition of the hydrolysate, or the 
standard sugars, to the papers 5N-ammonia was 
added to the spots and allowed to dry off at room 
temperatme. This was a necessary procedure to 



rig. 4. Diagram of papers developed wth aniline hydrogen phthalate after ionophoresis. 50 fig. of the standard sugars 
and 300 pg. of the hydrolysate were added to the spots. Positions are relative to galactose and not to the initial 
position. l=Galactose; 2 =n-H 2 S 04 hydrolysate; 3 =glucurone-^NH 3 ; 4 =glucosainine hydrochloride. 


Chromatogram irrigated with hutanol-aceiic acid 

After 36 hr. irrigation, galactose and glucosamine 
were not separated. The N-acid hydrolysate showed 
in addition to these substances two reducing 
materials, the slower moving 0-3o as far as galactose, 
and the faster 0-59 as far ns galactose. The slower 
was removed by both resins, the faster by the Zeo- 
Karb only. That the absorption by the De-Acidite 
was duo to a negative charge on the molecule and not 
to an unspecific absorption was shown by first 
irrigating the chromatogram with butanol-acetic 
acid and then, after removal of the solvent, applying 


ensure the conversion of some of the glucurone to 
ammoniiun glucuronate. 

The results are summarized in Fig. 4. Glucos- 
amine is not charged at pH 1 1 and glucuronic acid 
could not be detected in the glucurone at pH 1-8. 
It is clear that there is a negatively charged sugar 
ion in the polysaccharide hydrotysate. Acetic acid 
was the only solvent in which the hydrolysate gave 
discrete spots on ionophoresis. In the other solvents 
the charged species in the hydrolysate gave pear- 
shaped trails. Tlie separation of the positively 
charged material into three spots with acetic acid 
as solvent is of interest; such an effect would be 
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expected if the hydrolysate contained partial hydro- 
lysis products, or degradation products, in which the 
hexosamine was combined with neutral or wealdy 
acidic substances. 

Fractionation of the insoluble mucoids 

The composition of the insoluble mucoids ob- 
tained from dry sections by calcium chloride ex- 
traction was 15% nitrogen, 3-5% hexosamine, 
0-6 % ester-S. The insoluble mucoids from sodium 
chloride extracts had a similar composition. 

At least 0-5 % sodium chloride was necessary to 
keep the insoluble mucoid in solution. As the solu- 
tions were very viscous, even in the presence of this 
concentration of salt, they were not analysed 
electrophoretically. The insoluble mucoids cannot be 
digested by trypsin. 

The insoluble mucoids from the dry sections were dis- 
solved in 10% CaClj and the solution precipitated with 
3 vol. of ethanol and a final concentration of 0-5 % sodium 
acetate. The precipitate contained 13'5% N, and 6-0% 
hexosamine. The dry solid was extracted with 92 % phenol 
solution at room temperature. The insoluble fraction was 
suspended in water and dialysed, when it dissolved to give 
an opalescent solution, from which the addition of 2 vol. of 
ethanol precipitated a white solid. 

The ethanol precipitate contained 9 % nitrogen, 
17 % hexosamine, and contained ester-S. A hydro- 
lysate made in N-sulphuric acid showed glucosamine 
and galactose but no glucuronic acid. Moreover, 
this hydrolysate contained the slow-moving re- 
ducing material present in the N-sulphuric acid 
hydrolysate from the trypsin product. 

However, the chromatograms were not so clear as 
those from the trypsin product and it was not 
possible to demonstrate the presence of galactos- 
amine conclusively. 

Phenol-soluble fraction of the insoluble mucoids 

The phenol extract of the insoluble mucoids was 
dialysed against water and the precipitate collected ; 
the suspension in water was frozen and the water 
sublimed off; all the solid redissolved in phenol and 
was precipitated by 3 vol. of ethanol. This solid 
contained 16-8% nitrogen. 

It appeared from some of its properties that the 
protein component of the insoluble mucoids was 
derived from a collagen. It was thought that a test 
of this origin of the protein would be its further 
degradation to gelatin. Accordingly, the solid 
precipitated, by dialysis, from the phenol extracts of 
the insoluble mucoid was suspended in distilled 
water (pH 5-5) and heated at 106° for 4 hr. All but 
a small fraction dissolved to give a clear solution, 
wliich set to a gel on cooling, when the concentration 
was greater than about 1'5 %. 

This protein was examined in the Tiselius 
apparatus. To enable comparison with the mobilities 


of gelatin derived from the collagen in cartilage, the 
buffer solutions were the same as those used by 
Partridge (19486). As the mobilities were low, 
results 'of the highest accuracy would require a 
buffer of smaller ionic strength. The protein was not 
homogeneous (Pig. 5). The difference in the mobility 
of the components was small, but was most marked in 
acetate buffers in the range pH 3-5. Table 4 gives 
the mobilities of the fast component ; on the acid side 
of the isoelectric point they differ slightly from those 
for gelatin from cartilage. 



Fig. 5. Electrophoresis diagram of the gel-forming protein 
from the insoluble mucoids. The photograph is of the 
ascending limb, with migration from right to left. 
Acetate-NaCl buffer, pH 3-74. 7 hr. from start, current 
O'Ol amp. 


Table 6. Electrophoretic mobilities of the gel-forming 
protein from the insoluble mucoid 


(The buffer contained NaCl (/NaCl=0-18, /buffer— 
0-02). The mobilities are the means of the values from each 
limb. Where the boundaries split into two peaks the 


mobilitj^ refers to the fast 

Buffer 

Phosphate 

Phosphate 

Phosphate 

Acetate 

Acetate 

Acetate 

Glycine ' 

Glycine 


Mobility 
pH (p. X 10=) 

6-80 -1-0 

6-80 -1-1 

6-34 - 0-85 

4-92 -0-52 

3-95 -tl-28 

3-74 4- 1-44 

2-76 +2-95 

2-70 +2-65 


component.) 


Paper chromatography of a hydrolysate from the 
gel-forming proteins from cornea showed that the 
amino-acid composition was very similar to that of 
gelatin. 

DISCUSSION 


About 70% of the acid mucopolysaccharide has 
been extracted in an electrophoretically homo- 
geneous form. The residues remaining after extr^- 
tion of the swollen sections contain about 1 5 % of me 
total ester-S and nothing is Imown about this 
fraction. The insoluble mucoids contain about 
10-15% of the total ester-S and there is not 
sufficient evidence to permit identification of the 
carbohydrate components of the two mucoids. Xne 
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only evidence for the homogeneity of the mucopoly- 
saccharide is the electrophoretic measurements. The 
chemical fractionation was designed to remove pro- 
tein and the persistence of the mucopolysaccharide 
through this is not evidence for its homogeneity. 

The identification of galactose as a constituent 
of the comeal mucopolysaccharide is of interest. 
Suzuki (1939) considered that galactose was present 
but, as he used an unspecific method of identification, 
Meyer & Chaffee (1940) considered that he had con- 
fused galactose and a uronic acid. I have not foimd 
a uronic acid as a constituent of the N-acid hydro- 
lysate of the mucopolysaccharide. However, the 
lability of the uronic acids and the resistance of 
hexosaminosides to acid hydrolysis is well known, 
and it is possible that its absence is due to both 
destruction and insufficient hydrolysis. Moreover, 
one of the partial hydrolysis products has an acid 
group and that may be due to the presence of com- 
bined uronic acid. It is probable that the identifica- 
tion of the uronic acid stated to be present in the 
corneal mucopolysaccharide will he best achieved by 
protection of the labile groups of the molecule 
before hydrolysis. 

It appears from the results of Kaye & Stacey 
(1951) that galactose is not a constituent of hyal- 
uronic acid, and accordingly the suggestion of 
Meyer & Chaffee (1940) that the corneal mucopoly- 
saccharide is a sulphate ester of hyaluronic acid is 
invalidated by the results described in the present 
paper. 

The mucopolysaccharide is not hydrolysed by 
hyaluronidase preparations. The failure of the 
enzjTne to have a spreading action in the cornea has 
already been reported (Woodin, 1950a), and it was 
suggested in that paper that an explanation of the 
failure to confirm the results of Meyer & Chaffee 
would be that the pneumococcal hyaluronidase used 
by these authors contained enzjmies other than 
hyajuronidase. Pneumococcal infection produces 
a characteristic spreading ulcer in the cornea and 
presumably the spread is effected by enzymic 
processes. 

The extraction experiments were designed 
primarily to determine the optimum conditions to 
bring the mucoid into solution in an imdegraded 
form. Although a Imowledge of the effect on the 
cornea of calciiun chloride and sodium chloride in 
varying concentrations will be required before an 
explanation of these results can be offered, it is of 
interest that the effect of sodirnn chloride and 
calcium chloride in extracting the mucopoly- 
saccharide from the cornea should parallel the 
effects of those substances in reducing the shrinkage 
temperature, and increasing the swelling pressure of 
the collagen in rat-tail tendon and in sheep skin 
respectively. Bowes & Kenten (1950) have sug- 
gested that the decrease in the cohesion brought 
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about by calcium chloride is primarily due to a re- 
duction in the potential energy of the inter-molecular 
links between the polypeptide chains. The results 
presented here suggest that the cohesive forces of 
the collagen fibres and the forces holding the muco- 
polysaccharide to the comeal collagen are very 
similar. It would be of great interest to know if the 
mucopolysaccharide of the cornea were contributing 
to the cohesion of the cornea collagen, since the 
orderly arrangement of the collagen fibres is 
probably a necessary condition of the transparency 
of the tissue. 

The corneal mucopolysaccharide can form stable 
complexes with proteins. The fast component of the 
phenol-insoluble mucoids, which contains about 
40 % protein, is homogeneous electrophoretically in 
the range pH 8-4 and is resistant to chemical 
fractionation by the ‘Sevag’ technique and by 
extraction with phenol. The fast component of the 
soluble mucoids from the water-extracted residues, 
and the phenol-insoluble material, have the same 
mobility and H/N ratio and they are probably 
identical. However, the fast component of the 
soluble mucoids from dry sections and from the 
swollen sections contains more protein than this 
complex; it is homogeneous in the range pH 9-05- 
4-7, and chemical combination can be presumed to 
occur between the protein and mucopolysaccharide 
components. The mobility of this fast component is 
smaller than that of the phenol-insoluble material, 
and it is at least possible that this soluble mucoid 
contains a complex formed by polar association 
between the phenol-insoluble material and some of 
the water-soluble comeal proteins. 

It is of interest that the proteins with which the 
mucopolysaccharide is associated have an amino- 
acid composition qualitatively the same as that of 
gelatin. This fact, considered in conjunction with the 
results of the extraction experiments, suggests that 
the unit in the intact stroma is a mucopolysac- 
charide-collagen complex. 

SUMMARY 

1. The ester-S present in the cornea corresponds 
to a mucopolysaccharide content of 4-2 %. There is 
an excess of hexosamine over that required as a 
constituent of the mucopolysaccharide. 

2. By extraction of the water -swollen sections of 
cornea with 10 % calcium chloride at pH 8, 85 % of 
the mucopolysaccharide can be dissolved. Extrac- 
tion with calcium chloride is more efficient than 
extraction with sodium chloride and that is more 
efficient than extraction with water. 

3. The mucopolysaccharide is extracted as a 
component of both water-soluble and water- 
insoluble mucoids. 

4. The protein content of the water-soluble- 
mucoids can be reduced by extraction with phenol 
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to leave a phenol-insoluble mucoid. This contains a 
substance with the characteristics of a mucopoly- 
saccharide-protein complex. 

5. The water-soluble mucoids contain a complex 
which is formed by interaction between the phenol- 
insoluble mucoids and a water-soluble protein of the 
cornea. 

6. The acid mucopolysaccharide can be prepared 
free from protein by incubation with trypsin. 
Galactose, glucosamine and galactosamine have 
been identified as constituents of the mucopoly- 
saccharide, by chromatography and ionophoresis on 
filter paper. 
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7. The corneal mucopolysaccharide is not a sub- 
strate for hyaluronidase. 

8. Gel-forming proteins have been isolated from 
the insoluble mucoid and found to contain the same 
amino -acids as gelatin, but to differ from it in their 
electrophoretic behaviour. 

9. It is suggested that in situ the acid mucopoly- 
saccharide is combined with proteins of the collagen 
group. 

I wish to thank Dr A. S. McFarlane for allowing me to 
make the electrophoretic measurements in his laboratory 
and Mrs A. Dovey for much advice on the use of the 
instrument. 
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As shown in previous papers from this laboratory 
(McRwain, 1949; Mcllwain, Stanley & Hughes, 
1949), glycolysis by washed suspensions of Lacto- 
bacillus arabinosus 17-5, which have been grown on a 
nicotinic acid-deficient medium, is stimulated by the 
addition of nicotinic acid. The stimulation is due to 
the synthesis of cozymase and, since this organism 
does not rapidly decompose the coenzyme (Mcllwain 
& Hughes, 1948), it seemed to be suitable material in 
which to study its synthesis. In the present studies, 
the effect of limiting amotmts of nicotinic acid, 
nicotinamide and nicotinamide nucleotides on the 
stimulation of glycolysis and on the synthesis of 


cozymase has been investigated. Yoimg deficient 
cells glycolysing in an optimal concentration of 
nicotinic acid rapidly synthesized cozymase until 
the cells became satmated with the coenzyme; 
synthesis of cozymase and metabolism of nicotinic 
acid then ceased. Glucose alone of the constituents 
of the growth medium was essential for the synthesis 
of cozymase by washed suspensions. The uptake of 
nicotinic acid ran parallel to the synthesis of co- 
©Qzymo and no detectabl© amounts of any possi e 
intermediate in the sjmthesis were detected m cells 

or the suspending fluid. Unexpectedly, lucotm- 

amide was found to be rapidly deamidated by tlie 
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washed suspensions ; deamidation was independent 
of the glucose and of the cozymase content of the 
cells. 

EXPEBBIENTAL 

Growth conditions for obtaining 
cozymase-dcficient cells 

Lactobacillus arabinosus 17-5 was grown as described by 
Mcllwain & Hughes (1948) on the semi-synthetic medium 
consisting of casein hydrolysate, salts and vitamin supple- 


washed out tmce with 1-0 ml. 0-9% NaCl, the washings 
were added to the centrifuged cells and recentrifuged. The 
washings were discarded and the cells washed once again 
with 2-0 ml. of 0-9 % saline, and then resuspended in 1-0 ml. 
of 0-085 M-phosphate buffer, pH 6-2, and heated at 80° for 
15 min. As shown previously (McHwain & Hughes, 1948) 
this treatment releases the oozymase from the cells with a 
5-8% loss; no corrections for this loss were made. After 
heating, the tubes were cooled in runmng tap water and if 
not used immediately the contents were frozen solid and 
stored at - 14°. 


Table 1. The effect of nicotinic acid upon glycolysis by washed suspensions of Lactobacillus arabinosus 17-5 

(The cells were grown as indicated below, collected, washed as described and the effect of nicotinic acid on glycolysis 
measured manometrically. In each Warburg flask was 2-0 ml. containing: O-OflM-NaHCOj ; 0-05M-glucose; 2-0-4-0 mg. 
dry -(vt. cells. Nicotinic acid (5 x IQ-^M Anal) was added from the side arm.) 

CO2 

(pmoles/mg. dry wt./hr.) 

Nicotinic acid in r * ; 1 


Growth period 

growth medium 

Yield of cells 

Without nicotinic 

With nicotinic 

(hr.) 

(M X 10-’) 

(mg. dry wt./lOO ml.) 

acid 

acid 

19 

100 

30 

11-0 

11-0 

19 

10 

30 

10-0 

10-0 

60 

10 

45 

3-7 

6-0 

22 

5-0 

12 

17-0 

17-0 

40 

5-0 

24 

3-0 

10-0 

21 

2-0 

15 

7-2 

11-0 

40 

2-0 

16 

3-6 

10-8 

22 

1-0 

9 

12-0 

20-0 

40 

1-0 

10 

5-0 

15-0 

20 

0-4 

35 

10-0 

20-0 


mont. Satisfactory yields (10-15 mg. dry wt./lOO ml.) of 
deficient cells were obtained after 30-44 hr. growth on the 
medium containing from 1-5 to 2-0 x 10“’M-nicotinio acid 
(Table 1). The addition of nicotinic acid to glycolysing sus- 
pensions of these deficient cells stimulated their rate of 
glycolysis from two- to three-fold. Higher yields of deficient 
cells (30-40 mg. dry wt./lOO ml.) were obtained after 
CO-70 hr. growth on the medium containing more nicotinic 
acid (10 ~°m), but these cells were unsatisfactory because 
their rate of glycolysis tended to fail on incubation and the 
ability to synthesize cozymase was poor. Non-deficient 
ceils were grown on a medium made from enzymically 
hydrolysed casein, yeast extract and glucose (Nossal, 1951). 

Measurements of the effects of nicotinic acid 
on glycolysis and cozymase synthesis 

In the main compartment of a conical Warburg cup was 
placed O-lM-glucose, 0-5 ml.; 0-2M-NaHCO3, 0-5 ml.; 
washed cell suspension, 0-5 ml. and sufficient Krebs & 
Hcnseleit saline to bring the final volume to 2-0 ml. The nico- 
tinic acid or derivative was in the side arm in 0-2 ml. water. 
Yellow phosphorus was placed in the centre well. The cup 
was gassed with 95% N2-5% CO-, and shaken in a thermo- 
stat at 40-0°. Readings were taken at 5 min. intervals until 
the rate of evolution of CO. was constant (20-30 min.). The 
side arm was then emptied and readings continued at 
3-5 min. inten-als. To stop the reaction, tlie cup was taken 
from the thermostat and placed in an ice-salt freezing 
mixture. Tlie contents were then allowed to thaw, trans- 
ferred to a centrifuge tube and centrifuged for 10 min. at 
approx. 3500^. The supernatant was poured off into a test 
tube. In order to collect the cells quantitatively the cup was 


Determination of cozymase 

Cozymase was determined manometrically in the 
apoz 3 nnase system of Axelrod & Elvehjem (1942), essentially 
as described by Mcllwain & Hughes (1948). The apparent 
loss of activity by many batches of apozymase upon storing 
was found to be associated with the formation of acidic 
material at 2°. This lowered the pH of the apozymase system 
from 6-2 to 5-6-5-8 and thus reduced its activity. In later 
experiments where the apozymase was dried over and 
stored over a drying agent such as silica gel at - 14° the 
apozymase lost no activity in a month and lost from 10 
to 15% after 2 months. Large blank values in some ex- 
periments were found to be due to coz 3 nnase present in 
the calcium hexosediphosphate (obtained from Schwartz 
Laboratories Inc., New York 17, U.S.A.). To remove the 
cozymase, the calcium hexosediphosphate w-as dissolved in 
1-1 equivalents of HCl and stirred with one-tenth of its 
weight in norite for 0-5 hr. at 2°. The norite was removed by 
filtration and 2 equivalents of Ba(OH )2 added. The pH was 
adjusted to 8-5 and the precipitate of dibarium salt of 
hexosediphosphate was filtered off, washed with water and 
ethanol and dried. Barium was removed from small samples 
immediately before use by the addition of an equivalent of 
O-Ss-Na.SOj to an ice-cold solution of the barium salt in 
2N-HC1. 

Determination of nicotinic acid, nicotinamide 
and 7iicotinamide derivatives 

In most of the experiments, nicotinic acid was deter- 
mined by the microbiological assay method of Barton- 
M nght (1946). lllien it was not desired to distinguish 
beUvecn nicotinic acid and amide, samples for assay were 
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heated in n-HCI as described in a previous paper (Mcllwain 
& Hughes, 1948). To distinguish between the acid and 
amide, a portion of the sample was treated with sodium 
hypobromite as described by Atkin, Schultz, Williams & 
Freys (1943), to destroy the nicotinamide, and another 
portion was heated with HCl as before. The nicotinic acid in 
both portions was estimated by microbiological assay and 
the nicotinamide content of the sample calculated by 
difference. In some of the later work, nicotinic acid and nico- 
tinamide were estimated by the chemical methods of 
Chaudhuri & Kodicek (1948) and Hughes (1949). The acetone 
condensation method of Levitis, Kobinson, Bosen, Huff & 
Perlzweig (1946) was used to determine the total con- 
centration of A^-substituted nicotinamide derivatives. 
Fluorescence was estimated in a fluorimeter employing a 
photomultiplier tube and similar to that described by Lowry 
( 1 948) . Solutions of quinine sulphate were used as permanent 
standards. 

Cozymase, nicotinamide ribotide and riboside can act as 
‘ V’ factor for bacteria (Gingrich feScldenk, 1944). Actirity 
as ‘V’ factor was estimated by measuring the growth 
response of Haemopliilm parainfixienzae as described by 
McHwain & Hughes (1948). National Type Culture 
Collection, strains no. 4101, no. 4625 and eight locally 
isolated strains were tested. Where the strain was found to 
reduce nitrate, tests for nitrite were made according to 
Hoagland & Ward (1942). It was found that although 
nitrite was often detected where no growth could be seen, the 
response of various strains towards nitrate was too unreliable 
to be used as a quantitative method for estimating ‘V’ 
factor. 

Ch&mical determinations 

Ammonia was distilled in a modified Parnas apparatus or 
in Conway units and determined by the method of Russell 
(1945) or with Nessler’s reagent. A modification of the 
method of Van Slyke was used for the estimation of glucose 
(see Wheatley, 1947). The ribose and phosphate contents of 
the nicotinamide nucleotides were determined as described 
by Schlenk (1943). Lactic acid was estimated by the method 
of Friedman & Graeser (1933). 

Materials 

The first of the two specimens of coz 3 Tnase used as a 
standard was that described as ‘C’ by McHwain & Hughes 
(1948) ; it contained 44% coenzyme i (Col) and no detectable 
free nicotinic acid or nicotinamide. The second specimen was 
prepared from brewer’s yeast according to LePage (1949), 
and contained 50-52% Cor when compared with the first 
specimen in the apozymase system, and approximately 
2-0% free nicotinamide, as judged by microbiological 
assay. Specimens of dihydronicotinamide ribofuranoside 
(nicotinamide riboside) were made available through the 
courtesy of Dr L. J. Haynes, Chemistry Department, 
University of Cambridge. Tests for ‘V’ factor activity 
showed that it had one-quarter to one-tenth of the activity of 
Col on a molar basis as ‘V’ factor (Table 2) (see also Haynes 
& Todd, 1950). In most freshly isolated strains the amounts 
of riboside needed for visible growth were higher than those 
needed in the older strains (see Schlenk & Gingrich, 1944). 
Specimens of nicotinamide glucoside, galactoside and 
arabinoside were also synthesized by Dr Haynes; they were 
without ‘V ’-factor activity for aU strains tested (Table 2). 
Nicotinamide ribose phosphate (nicotinamide ribotide) was 


prepared from cozymase by the action of potato pyrophos- 
phatase according to Komberg & Pricer (1949). Nicotinic 
acid and nicotinamide were commercial specimens which 
had been recrystallized several times from water-ethanol 
mixtures. 


Table 2. ‘ F '-factor activity of nicotinamide 
nucleosides 

(Haemophilus parainfluenzae Strain 4101 was grown as 
described by Mcllwain & Hughes (1948) and growth 
measured photometrically. Nitrite was detected by the 
method of Hoagland & Ward (1942); -l-indioating just 
detectable amounts and -f -f 4- + maximum amounts, and 
0 no test for nitrite.) 


Concn. of 

Photo- 


nicotinamide 

! meter 


derivative 

reading 

Nitrite 

Growth factor added (m x 10"’) 

at 22 hr. 

at 22 hr. 

None 

— 

5-2 

0 

Cozymase 

1-3 

25 

+ + + + 


0-75 

20 

-1- + + 


0-35 

13 



0-17 

6 

6 

Nicotinamide riboside 

20 

- 20 

-t- + -b 


4 

9 

+ + 


1 

5 

+ 


0-2 

5 

+ 

Nicotinamide galactoside 

100 

5 

0 

10 

5 

0 

Nicotinamide galactoside 

100 

20 

+ + 

with cozymase 
(0-75 X 10 -’m) 

10 

20 

+ + 

Nicotinamide arabinoside 

100 

5 

0 


10 

5 

0 

Nicotinamide arabinoside 

100 

20 

+ 4- + + 

with cozymase 

10 

20 

4- 4- 

(0-75 X 10"’ M) 
Nicotinamide glucoside 

100 

10 

5 

6 

0 

0 

Nicotinamide glucoside 

100 

20 

4-4-4-' 

with cozymase 
(0-75 X lO-’M) 

10 

20 

-b -b 


RESULTS 


Stimulation of glycolysis by varying 
concentrations of nicotinic acid 
The addition of nicotinic acid in concentrations from 
3 X 10"® to 10"^ M to glycolysing washed suspensions 
of deficient cells caused a gradual increase in the 
rate of glycolysis (Fig. 1). The magnitude of the 
increase was greatest at and above 1-0-5-0 x 10 M, 
below this concentration the effect decreased and 
generally could not be detected in concentrations 
below 3xlO'®M (Table 3). The effect reached its 
maximum after a lag period of 10-50 mm. This lag 
period was shortest at nicotinic acid concentrations 
above 5 X 10-®M, and increased as the concentration 
was reduced to 10-"M,(Fig. 1). This stimulating 
effect of nicotinic acid is due to the formatio 
cozymase which in the deficient cells limits glyco- 
lysis (Mcllwain et al. 1949). Thus the lag period may 
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bo taken, as indicating the tune taken for the cells 
to synthesize sufficient cozymase to saturate the 
glycolytic system and hence indirectly indicates the 
rate of coz 5 rmase synthesis. It would therefore 
appear that below 5x 10”^ M the concentration of 
nicotinic acid is a limiting factor in cozymase 
synthesis. BTien limiting amounts of nicotinic acid 



Fig, 1. The effect of varying concentrations of nicotinic 
acid on glycolysis by deficient cells. Cells were grown for 
41 hr. on medium containing 1-57 s lO'^si-nicotinic acid 
and collected and washed as described. Glycolysis was 
followed manoraetrioaUy. In each Warburg cup were 2 ml. 
containing O'OSM-glucose, O'OSM-NaHCOj, 3-2 mg. dry 
wt. of cells. Nicotinic acid added from the side arm as 
indicated by the arrow. 


Table 3. The effect of varying concentrations of 
nicothiic acid 071 glycolysis by deficient cells 

(Cells were grown for 40 hr. on a medium containing 
1-5 X 10~’M-nieotinic acid. Glycolysis was followed mano- 
metrically. In each Warburg flask was 2-0 ml. containing: 
O-OSM-glucose; O-OSsi-NaHCOj ; 2-3 mg. dry wt. of cells: 
the nicotinic acid was added from the side arm. The values 
for CO. production are the maximum that occurred during 
2 hr. after adding the nicotinic acid.) 


Conen. of 
nicotinic acid 
(M X 10"®) 

None 

3-0 

100 

30-0 

100 

150 

500 


CO, 

(fimolcs/mg. 
dry wt. cells/hr.) 

7-2 

7-S 

9-7 

17- 7 

18- 0 

19-3 
190 


The rate of cozymase synthesis at varying 
concenfrations of nicotinic acid 

Varying concentrations of nicotinic acid ranging 
from 5 X 10-^ to 3 X 10-’ M were added to glycolysing 
deficient cells. The cups were placed in a freezing 



Fig. 2. Cozymase synthesis in varying concentrations of 
nicotinic acid. Cells were grown for 21 hr. on medium 
containing 2 x 10”’M-nicotinic acid, collected and 
washed. Reaction with nicotinic acid, in concentrations 
as indicated on the graphs, and cozymase determinations 
were as described in the text. 



Fig. 3. The initial rate of cozymase synthesis in varying 
concentrations of nicotinic acid. Cells were grown for 
21 hr. on medium containing 2 x lO-’si-nicotmio acid. 
The reaction with nicotinic acid was for 10 min. at 40°. 
Cozymase estimations were carried out as described in the 
text. 


nro added to tlio cells, all the nicotinic acid is taken 
up and converted into cozjmase {seo p. 33o). A 
limiting concentration of 1-0 to 5-Ox would 

mean tlicreforo that l-0-2-0,im-moles of nicotinic 
ncid/mg. dry wt. nro needed to saturate the glyco- 
lytic system of the colls. 


mixture to stop the reaction at 5, 10, 16 and 30 min., 
the cells collected, cozymase extracted, and esti- 
mated as already described. Under these conditions 
no measurable amomats of cozynnase appeared in the 
reaction fluid and it is therefore assumed that the 
rate of cozynnase accumulation in the cells indicates 
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the rate of cozymase synthesis. As will be seen from 
Fig. 2 the cozymase content of the cells rapidly rises 
following the addition of nicotinic acid. At the 
higher concentrations of nicotinic acid, themaximum 
rate of cozymase synthesis lasted for approximately 
20-30 min. then decreased and ceased when the cells 
contained 12—14 /im-moles/mg. dry wt. (Fig. 2). At 
the lower concentrations of nicotinic acid the rate 
of cozymase synthesis continued approximately 
linearly imtil all the available nicotinic acid was 
converted into the coenzyme (see also p. 335). The 
maximum rate of cozymase synthesis (16-25 /Ltm- 
moles/mg. dry wt./hr.) occurred in concentrations 
at and above 5x 10~®M-nicotinic acid and fell off 
progressively as. nicotinic acid concentration was 
reduced (Fig. 3). These results confirm the con- 
clusions drawn from the experiments in the pre- 
ceding paragraph, which suggested that the rate of 
cozymase synthesis was limited by the concentra- 
tion of nicotinic acid. 



Fig. 4. The effect of growth period on the rate of cozymase 
synthesis. Cells were grown in medium containing 
2 X 10“’M-nicotinio acid and samples taken at the times 
indicated. The cells were collected, washed and the 
reaction ■with nicotinic acid (5 x 10“° m final) and cozy- 
mase estimations carried out as described. 

The effect of growth period upon 
the eozymase. synthesis 

The maximum rate of cozjunase sjmthesis, at and 
above 5 x 10”°M-nicotinic acid, was foimd in washed 
cells gro^vn for 16-20 hr. In three batches of cells 
gro%vn for a shorter period (10 hr.) the rate of 
synthesis was 15-20% lower than maximum. The 
rate of cozymase synthesis fell progressively as 
growth was extended from 20 to 70 hr. (Fig. 4). 
At 38 hr. the initial rate was 1-5-2-0 gm-moles/mg. 
dry wt./hr. and increased to 6-O-lO-O^m-moles/mg. 
dry wt./hr. after 50-90 min. In cells gruwn for 
70 Iw., however, the rate of cozymase synthesis 
remained low (O'S-l-Opm-mole/mg. dry wt./hr.) on 
incubation up to 3 hr. During this period the rate of 
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glycolysis increased from 1 pmole/mg. carbon di^ 
oxide/mg. dry wt./hr. to 4 p.moles/mg. dry -wt./hr. 
Younger cells with an initial rate of glycolysis of 
from 2 to 5 /xmoles carbon dioxide/mg. dry wt./hr. 
were found to synthesize cozymase at rates of 2-4 
/tm-moles/mg. dry wt./hr., that is at a rate two- to 
three-fold faster than in the old cells whose rate of 
glycolysis was the same. Although, as is sho-wn later, 
glycolysis is essential for cozymase synthesis, it 
would appear that the synthesis in older cells is 
limited by processes other than glycolysis. 

The effect of replacing nicotinic acid by ' 
nicotinamide and its derivatives 

In young deficient cells (19-22 hr. growth)’ there 
was no significant difference in the effects on glyco- 
lysis or on the rate of cozymase synthesis when 
nicotinic acid was replaced by nicotinamide, nico- 
tinamide riboside or nicotinamide ribotide. Tn 
older cells (30-48 hr. gro-vvth) glycolysis was stimu- 
lated more rapidly by the nicotinamide and its 



Fig. 5. Stimulation of glycolysis in deficient cells gro-wn for 
60 hr., by nicotinic acid and nicotinamide. Glycolysis and 
reaction with nicotinic acid and nicotinamide (6 x 10 '°m 
final) -were measured manometrically as described in the 
text. 

derivatives than by nicotinic acid, although the 
final rate of glycolysis was the same (Fig. 6). This 
suggests that in older cells cozymase is synthesized 
more rapidly from nicotinamide and its derivatives 
than from nicotinic acid. Experiments in which the 
cozymase content of the cells was measured showed 
no differences in the rate of cozymase synthesis. As 
shown previously the differences in the amoimt of 
cozymase which changed the rate of glycolysis were 
of the order of l-O-2-Opm-moles/mg. dry wt- 
Differences in the rate of formation of such small 
amounts of cozymase were too small to be measured 
by the present methods. No cozymase was s;^- 
thesized from nicotinamide arabinoside, nicotin- 
amide glucoside or nicotinamide galactoside. This 
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result agrees with the finding that these compounds 
are inactive as ‘ V ’ factor for Haem, parainfluenzae. 

Under a variety of conditions the rate of cozymase 
accumulation in deficient cells was, in the presence 
of cozymase, 10-16 % faster than the accumulation 
in the presence of nicotinic acid or nicotinamide. 
Cozymase was not degraded by the organism at rates 
faster than 0-01 ftm-mole/mg. dry wt./hr. (see also 
Mcllwain & Hughes, 1948). The intact cozymase 
molecule thus appears to be readily adsorbed. 


and no nicotinamide or other possible intermediates 
in the synthesis of cozymase accumulated once the 
saturation level was attained (Table 5). Wlren 
experiments were continued for longer periods, i.e. 
up to 4 hr. instead of the usual 1-2 hr., a small 
amount of an -substituted nicotinamide com- 
pound was detected in the medium. This material 
had ‘ V ’-factor activity for Haem.parainfluenzae, but 
the amounts as judged by the fluorimetric method of 
Levitis et al. (1945) were equivalent to 0-02 /xm-mole 


Table 4. Cellular concentration of nicotinic acid, nicotinamide or cozymase during synthesis by deficient cells 

(Cells were grown on medium as described below, collected and washed. The reaction with nicotinic acid (5 x 10 ““m) 
and estimation of the products was carried out as described in the text.) 


Exp. A. Cells were grown for 28 hr. on medium 
containing 2 x 10“’M-nieotinio acid 


Exp. B. Cells were grown for 44 hr. on medium 
containing 1'57 x 10“’M-niootmic acid 

Cozymase was not taken up in the absence of 
glucose ; some source of energy is therefore needed 
for cozymase adsorption as well as for its synthesis. 
The highest concentration of cozymase found in cells 
was the same (10-12 pm-moles/mg. dry wt.) whether 
nicotinic acid, nicotinamide or cozymase were added 
to glycolysing deficient cells. Cells grown with 
adequate nicotinic acid (lO""*!!) on the semi- 
synthetic medium or on the yeast-supplemented 
pronutrin medixun also contained the same amormt 
of cozjonase and did not adsorb further coz3rmase. 
This amount of cozymase (10-12 pm-molos/mg, dry 
M't.) therefore appears to be a saturation level for 
this organism and once it is attained the organism 
ceases either to adsorb further cozymase from the 
medium or to destroy it as in the case of other micro- 
organisms (McDwain & Hughes, 1948). 

The metabolism of nicotinic acid 

In the absence of glucose, nicotinic acid was not 
removed from the medium by washed suspensions of 
colls which had been grown under a variety of con- 
ditions. In the presence of glucose, however, nico- 
tinic acid was token up by deficient cells at approxi- 
mately the same rate as cozjTnase was sjmthesized 
(Table 4). During sj-nthesis, small amounts of free 
nicotinic acid sometimes appeared in the cells, but 
when the cozjnnase content of the cells had reached 
10-12 pm -moles/mg. drj- wt. cozjunase sjmthesis and 
nicotinic acid metabolism ceased. When the cells 
were provided with up to tenfold excess of nicotinic 
acid the excess acid was recovered from the medium 


Time 

Total 



after adding’ 

nicotinic acid 

Nicotinamide 

Cozymase 

nicotinic acid 

(pmoles/mg. 

(pmoles/mg. 

(pmoles/mg. 

(min.) 

dry ■wt.) 

dry wt.) 

dry wt.) 

0 

0-5 

— 

0-46 

10 

3-6 

— 

3-8 ^ 

20 

6-3 

— 

6-3 

40 

IM 

— 

10-8 

80 

15-6 

— 

14-0 

0 

1-2 

1-0 

1-0 

30 

1-8 

1-2 

1-4 

60 

5-0 

30 

3-2 


of cozymase/ 2-0 ml. and were too small to be 
estimated in the apozymase system. It is imcertain, 
therefore, whether the substance leaking from the 
cells is cozymase or some other N^-substituted 
nicotinamide derivative. 

Table 5. Recovery of nicotinic acid from medium 
and cells after glycolysis 

(Nicotinic acid was added to glycolysing cells (3-0 mg./ 
2 ml.) under the conditions described in Tables 2 and 3. 
After reaeting for 90 min. the cells were collected by centri- 
fugation, washed twice with 0-9% NaCl, and nicotinic acid 
was estimated in cells and medium by microbiological 
assay.) 


Nicotinic acid 
added to the 
medium 

Nicotinic acid recovered 
(pmoles) 

K 

(pmoles) 

Cells 

Medium 

None 

2-0 

None 

6-0 

8-0 

None 

20 

16 

1-5 

50 

19 

3-1 

100 

23 

SO 

200 

25 

180 


The metabolism of nicotinamide 

Nicotinamide added to glycolysing cells disap. 
peered rapidly from the medium as judged by the 
fluorescence after reaction with CNBr (Chaudhuri & 
Kodicek 1948) (Table 6 ). Some of the nicotin- 
amide (20-40 pmoles) which disappeared from the 
medium was accounted for by the appearance in the 
ce of cozjTnasejbut the rest could not be accounted 
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for by the accximulation. of other derivatives of 
nicotinic acid or nicotinamide (Table 6). After 
reaction with nicotinamide the mother liquor was 
examined by the method of Hughes (1949) (reaction 
with CNBr at pH 5-5, followed by sodimn hydr- 
oxide), and the absorption spectrum was found to 


1952 

since blanlt values on the cells themselves were some- 
times as large as that expected to be formed from 
the nicotinamide (100/im-moles). However, am- 
monia formation at the rate of approximately 
2 pmoles/mg. dry wt./hr. was found when cells were 
incubated with larger amounts of nicotinamide than 


Table 6. Deamination of nicotinamide during cozymase synthesis 

(The reaction was carried out as described in the text. In each Warburg flask were 2’0 ml. containing: O'OSM-glucose; 
O'OflM-NaHCOa; 2-3 mg. dry wt. cells. Nicotinamide (100/im-moles) was added from the side arm.) 


Time 

after adding 
nicotinamide 
(min.) 

Relative fluorescence 

Nicotinic acid NH3 content 

in mother liquor of mother liquor 
(pm-moles/2-0 ml.) (pm-moles/2-0 ml.) 

Cozymase coni 
of cells 
(pm-moles) 

0 

100 

0 

57 

1-2 

8 

2-7 

71 

75 

8-2 

15 

*Negative reading 

84 

87 

12-0 

30 

*Negative reading 

85 

64 

19-0 

60 

*Negative reading 

80 

50 

19-3 


* Negative reading indicates some absorption of the activating light probably by nicotinic acid (cf. Chaudhmi & 
Kodicek, 1948). 


resemble that of nicotinic acid (Fig. 6). The forma- 
tion of nicotinic acid from nicotinamide was con- 
firmed by microbiological assay (Table 6). It was 
also found that there was some temporary increase 



Fig. 6. The change in the absorption curve of nicotin- 
amide brought about by Lb. arabinosus. Nicotinamide 
(100 pm-moles/2 ml.) was added to glycolysing cells under 
the usual conditions and the reaction stopped at 0 and 
10 min. The cells were removed by centrifugation, 1-0 ml. 
of the mother liquors reacted ■n'ith CNBr and NaOH 
and the absorption spectra measured in a Beckman 
spectrophotometer. O — 0> solution at 0 min. The 
absorption spectra is typical of nicotinamide (^/mai. 
352 mp.). □ — □, solution at 10 min. at 372 mp.). 

X — X, control solution of nicotinic acid at 

373 mp.). 

in the ammonium content of the medimn during 
reaction with nicotinamide by glycolysing cells 
under these conditions (Table 6). The amount of 
ammonia expected to be formed under the usual 
conditions was too small to be accurately estimated 


usual (2-0 x10~®m). A similar formation of am- 
monia occurred in the absence of glucose (Table 7). 
It is clear, therefore, that these organisms deamidate 
nicotinamide and that this reaction, unlike the 
uptake of nicotinic acid and the synthesis of 
coz3nnase, is independent of the presence of glucose. 


Table 7. Nicotinic acid and NUa formation from 
nicotinamide in the absence of glucose 


(Lb. arabinosus was gro^vn on the Pronutrin medium for 
16 hr., collected by centrifugation and washed .in 0-9 % 
NaCl. Reaction was carried out in double side-arm test 
tubes (Hughes & Williamson, 1952). In each was 10-0 ml. 
0-2M-phosphate buffer, pH 6-5; 0-002 M-nicotinamide^; and 
5 mg. dry wt. cells. The tubes were incubated at 40° and 
the reaction stopped by the addition of 1 ml. 2N-H2SO4. 
Ammonia was estimated after distillation and nesslerization. 
Nicotinic acid was estimated by microbiological assay 
after destruction of the remaining nicotinamide.) 


Time after 
mixing 
(min.) 

0 

15 

46 

90 

180 


NH3 formed 
(pmoles) 

0-91 

2-1 

3-8 

7-6 

13-2 


Nicotinic 
acid formed 
(pmoles) 

1-2 

2-3 

4-3 

8-2 

13-8 


The maximum rate of deamidation of nicotin- 
lide (l-2pmoles/mg. dry wt./hr.) was some 200 
Qcs faster than the maximum rate of cozymase 
tithesis and appeared to be independent of the 
Q6 for which the cells had been groym (up to 
lays). Cells grown on the semi-synthetic medium 
th adequate nicotinic acid and cells grown on t e 
ronutrin’ medium also deamidated nico in- 
lide at the same rate as the deficient cells. The ra 
deamidation is therefore independent of tlie 
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cozymase content of the cells. In cells grown for 
40-50 hr. the initial rate of cozymase synthesis from 
nicotinamide was 1-5— 4’0 ^m-moles/mg. dry wt./hr. 
Under these conditions all added nicotinamide 
(100 /im-moles) was converted to nicotinic acid in the 
first 5-8 min. of the reaction. This means that the 
bulk of the cozymase s 5 mthesized by the cells after 
2 In. (8-10 ftm-moles/mg. dry wt.) could not have 
been directly derived from the added nicotinamide. 

The effect of constituents of the growth medium on 
cozymase synthesis by washed suspensions 

To the washed suspensions, the constituents of the 
grcwth medium were added as shown in Table 8 
under the conditions described for measuring 

Table 8. The effect of the constituents of the growth 
medium on the stimulation of glycolysis by nicotinic 
acid in washed suspensions 

(Glycolysis was followed manometrically. In the main 
compartment of each Warburg vessel was 2-0 ml. contain- 
ing 0-02M-glucose, 0 - 02 M-NaHC 03 , 2-3 mg. dry wt. cells, 
and the substance tested in the final concentration shown 
below. Nicotinic acid (5 x 10“®M final) was added from the 
side arm.) COj 

(;xmoles/mg. dry wt./hr.) 


Substance added 

Without 

nicotinic 

acid 

With 

nicotinic 

acid 

None 

4-0 

12-0 

Acid casein hydrolysate (1-0%) 

3-9 

10-7 

Tryptophan 0-04 %, cystine 

4-0 

12-0 

0-04% 

Vitamin mixture (Barton- 

4-0 

12-0 

Wright, 1946) 

Adenine, uracil, xanthine 

4-0 

12-0 

(0-02 mg. of each) 

Guanine (0-02 mg.) 

4-8 

12-8 

Glutamine (0-01 m) 

3-8 

11-4 

Ribose (0-1 m) 

3-8 

11-4 

NHiCl O'Ol Jl and salts B 

4-3 

12-9 


(Barton-Wright, 1946) 0-01 ml. 

glycolysis. With the possible exception of guanine 
none of the constituents of the growth medium had 
nnj' effect on the nicotinic stimulation of glj'colysis. 
In some experiments guanine markedly decreased 
the length of the lag period. This effect could not be 
repented at will in all batches of otherwdse identical 
deficient cells and the effect was not investigated 
further. The rate of cozymase sjmthesis was not 
affocted by addition of the \’itnmin mixture, trypto- 
phan, glutamine, guanine, ribose, ammonium 
chloride, and casein hydrolysate. The omission of 
glucose completely stopped the synthesis of cozy- 
innso from nicotinic acid, nicotinamide and nico- 
tinamide nucleotide. Neither pjTuvic acid nor 
ndenosinetriphosphnte replaced glucose, but no 
other sources of energy were tested. In the presence 
of glucose the rate of cozjTnase sjmthesis from 
Biochcm. 1952, 51 
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nicotinic acid derivatives was the same when the 
reaction was carried out in air instead of in nitrogen, 
and when the bicarbonate was replaced by 0-05 m- 
phosphate buffer, pH 7*8. Estunation of the glucose 
and lactic acid showed that the rates of glycolysis in 
air and in nitrogen with phosphate and bicarbonate 
media were identical. The rate of cozymase syn- 
thesis was not significantly altered by changes in the 
pH of the phosphate buffer from pH 5-8 to 8-2. 

DISCUSSION 

Catalytic effect of Coi. The catalytic effect of 
cozymase, expressed as a turnover number, i.e. mol. 
Coi/mol. acid formed/hr. (McHwain, 1949) was 
0-5 to 3-0 X 10* in washed suspensions of deficient 
cells. In cells supplemented with nicotinic acid, 
although the rate of glycolysis increased from two- 
to four-fold, the catalytic effect of cozymase re- 
mained the same. The value found for cozymase in 
washed suspensions agrees with the turnover 
number of nicotinic acid during growth under the 
conditions of the microbiological assay (Mcllwain 
et al. 1949). This agreement indicates that de- 
ficiency in nicotinic acid does not greatly affect 
processes such as the synthesis of enzymes concerned 
in the glycolytic system as was found to be the case 
with biotin (Blanchard, Korkes, del Campillo & 
Ochoa, 1950). The catalytic effect of cozymase in 
cells grown upon medium containing an excess 
nicotinic acid, or in washed cells which had made 
cozymase from nicotinic acid was 3-Ox 10®, i.e. about 
ten times lower than in the deficient cells. The cells 
are therefore able to synthesize and bind about ten 
times more cozjrmase than is needed for glycolysis. 
The saturation level of cozymase (10-12 ;xm- 
moles/mg. dry wt.) appeared not to be limited by 
supplies of the other parts of the cozymEise moleciile, 
ribose, adenine or phosphate, nor by constituents 
of the growth medium other than glucose. 

Route of cozymase synthesis. In most species of 
bacteria, nicotinamide is as readilj’^ or more readily 
avaUable for growth as is nicotinic acid (Knight, 
1945). These findings are generally believed to 
indicate that the acid is amidated as the first step 
in the sjmthesis of cozymase. This idea is also 
supported by the studies on the inhibitory effects of 
pjo-idinesulphonic acid and pyridinesulphonamide 
(Mcllwain, 1940) and by the present studies on the 
stimulation of glj-colj^is by nicotinamide and nico- 
tinic acid in which the amide appeared to be more 
readUy available than the acid. Further studies on 
the metabolism of nicotinamide showed, however, 
that even in young cells, where the sjmthesis of 
cozjmaase was most rapid, nicotinamide was de- 
amidated some 50 to 100 times faster than cozymase 
was sjmthesized. In fact, in the older cells very little 
cozjmiase could have been sjmthesized from the 
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added nicotinamide and was made instead from the 
nicotinic acid formed by deamidation of the amide. 
But this does not rule out the possibility that nico- 
tinamide is an intermediate in the synthesis of 
cozymase since reactions causing the breakdown of 
essential metabolites are of common occurrence in 
bacteria. For instance the breakdown of glutamine 
has been shown to occur in Clostridium welchii 
(Krebs, 1948; Hughes & Williamson, 1952)atamuch 
faster rate and by a different reaction than it is syn- 
thesized (Fry, 1949). In erythrocytes, while nicotinic 
aeid readily gives rise to cozymase, no coz 5 rmase was 
formed from nicotinamide (Handler & Kohn, 1943; 
Hoagland & Ward, 1942). In certain strains of 
Pasteurella and Leuconostoc nicotinic acid but not 
nicotinamide supports growth (Johnson, 1945; 
Koser & Kasai, 1950). These results could be taken 
as indicating that nicotinamide is not an inter- 
mediate in cozymase synthesis. The evidence as to 
whether nicotinic acid is amidated to form nicotin- 
amide or whether nicotinic acid riboside is formed 
first and is then amidated must therefore remain un- 
certain. Lb. arabinosus does not seem to be suitable 
material on which to study this question, since no 
intermediates in the synthesis of cozymase from 
nicotinic acid accumulate during synthesis and 
excess nicotinamide is decomposed by the organism. 

SUmiARY 

1. Glycolysing washed suspensions of cozymase- 
defieient cells of Lactobacillus arabinosus 17-5 
synthesized cozymase from nicotinic acid, nicotin- 
amide riboside and rucotinamide ribotide. 
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2. The newly formed cozymase stimulated the 
rate of glycolysis by the cells from two- to five-fold. 
Maximum stimulation occurred in the presence of 
1 to 5‘0 X 10"®M-nicotinic acid. 

3. As judged by their effects on glycolysis, nico- 
tinamide, nicotinamide riboside and ribotide were 
in older cells more readily available for cozymase 
synthesis than was nicotinic acid. 

4 . The rate of cozymase synthesis in any batch of 
cells was dependent on the added nicotinic acid 
concentration and was maximal at and above 
5 X 10“®M-nicotinic acid. 

5. The maximum rate of cozymase synthesis 
(18-24 /un-moles/mg. dry wt./hr.) occurred in cells 
grown for 18-24 hr. and fell progressively as the 
cells were groAvn for longer periods. 

6. Cozymase synthesis and the uptake of nico- 
tim'c acid ceased when the cells contained from 10 to 
12 gm-moles cozymase/mg, dry wt. 

7. Cozjunase uptake and synthesis and the up- 
take of nicotinic acid and nicotinamide did not occur 
in the absence of glucose. No other constituent of 
the growth medium had marked effect on these 
processes. 

8. Nicotinamide was deamidated rapidly (1- 
2;imoles/mg. dry ^vt./hr.). This reaction was inde- 
pendent of the presence of glucose and of the cozy- 
mase content of the cells. 

The atithors wish to express their gratitude to Prof. 
H. A. Krebs, F.R.S., for his advice end criticism. Thanks are 
due to Dr L. J. Haynes for gifts of synthetic nicotinamide 
derivatives. 
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Studies in Detoxication 

THE METABOLISM OF BENZENE. THE MUCONIC ACID EXCRETED BY R.^BITS 
RECEIVING BENZENE. DETERMINATION OF THE ISOMERIC MUCONIC ACIDS 
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Muconic acid (hexa-2;4-diene-l:6-dioic acid) was 
first discovered to be a metabolite of benzene by 
Jaffe (1909), who isolated it from the urine of dogs 
and rabbits receiving benzene. There- are three 
geometrical isomers of muconic acid, namely, cis-cis, 
cis-trans and trans-trans, and in every instance in 
which the isolation of muconic acid from the urine of 
men and animals dosed with benzene has been 
reported, the isomer isolated has been the trans-trans 
form (Jaffe, 1909; Fuchs & Soos, 1916-17; .Mori, 
1918.; Neiunaerker, 1923; Thierfelder & Klenk, 
1924; Driunmond & Finar, 1938; Bernhard & 
Gressly, 1941). If muconic acid is formed in vivo by 
the opening of the benzene ring, then it would be 
expected on stereochemical grounds that the isomer 
produced would be the cfs-cis-isomer; the oxidation 
of phenol or of catechol with peracetic acid does, in 
fact, give rise to cfs-cf^-muconic acid (Boeseken & 
Engelberts, 1931; Boeseken & Kerkhoven, 1932; 
Elvidge cl al. 1950a). 

The isolation of the trans-trans-acid from benzene 
urine, however, raised doubt as to whether benzene 
was the source of the acid, until Bernhard & 
Gressly (1941) showed that benzene containing 
deuterium gave rise in vivo to muconic acid con- 
taining deuterium. The trans-lrans-acid could, 
however, arise from the c/s-cfs-acid by isomerization 
during the isolation procedures, but Drummond & 
Finar (1938) showed that this was probably not the 
case and they suggested that the isomerization 
probably took place m vivo. 

Tliat c!S-C!s-muconic acid is probably the first 
muconic acid to bo derived biologically from benzene 
is suggested by the observation of Haj^aishi & 
Hashimoto (1950) that an enzyme called pjTo- 
catccaso separated from a strain of Pseudomonas sp, 
oxidizes catechol to what they suggest is cis-cis- 
muconic acid, which was isolated in high yield in the 
crystalline state. Catechol is knomr to be a meta- 
bolite of benzene in the rabbit (Porteous & Williams, 
1949a, b). 

Recently, however, Elvidge, Linstead, Sims <fc 
Orkin (19506) identified, for the first time, the third 
isomer of muconic acid, namely, the cis-trans-isomer, 
and they showed that recrystallization of the cis-cis- 
acid from water (but not ethanol) was sufficient to 


convert it into the cis-trans-aeid. This observation 
thus casts doubt on much of the earlier work which 
involved the use of the so-called cis-cw-acid. 

The objects of the present work were to find 
methods of estimating and distinguishing between 
the three isomers of muconic acid, and to find out 
whether or not the urinary muconic acid was a 
mixture of isomers, since earlier workers could have 
lost the more soluble cts-isomers during purification. 
We shall show, however, that all the muconic acid of 
benzene mine from rabbits is almost certain to be 
the trans-trans -isomer. 

EXPERIMENTAL 
Preparation of materials 

Melting points are uncorrected. cis-cts-Muconio acid was 
readily prepared by the oxidation of phenol by concen- 
trated peracetic acid. (Elvidge et al. (1950a) used dilute 
peracetic acid, but in our hands better results were obtained 
uith the concentrated acid.) The peracetic acid was pre- 
pared by cautiously mixing in the cold 10 ml. of 70% (w/w) 
HjOj with 19 ml. of acetic anhydride, the molecular ratio of 
H.Oj to AcjO being 2: 1-5, and keeping in cold water for 
18 hr. Phenol (3 g.) was then added with shaking until it 
dissolved, and the mixture was kept in the dark. After 
24 hr. the crystalline deposit of the cis-cis-acid was collected 
on a sintered-glass filter. Further quantities were obtained 
and filtered off each day by keeping the solution for 3 more 
days. Theyield was 1 • 1 g. or 25 %. The combined precipitates 
were washed with a little ethanol and twice recrystallized 
from ethanol. It formed colourless rhombs and had m.p. 
194° as determined by the method of Elvidge et al. (19506); 
the benzhydryl ester (Elvidge et al. 19506) had m.p. 156°. 

cis-/rans-Muconic acid was prepared by twice recrj^stal- 
lizing the cis-cts-acid from hot water according to Elvidge 
et al. (19506). It formed colourless prismatic needles from 
water, m.p. 190°, and its benzhydryl ester had m.p. 142°. 
A mixture of the cis-cis- and cis-trans-acids melted at 179- 
182°. 

(rons-frans-Muconic acid formed colourless minute 
prisms, m.p. 300’ (deeomp.) and was prepared according to 
Ingold (1921). The benzhydryl ester had m.p. 190° (cf. 
Ehidgc et al. 19506). 

The lactones related to muconic acid were prepared by the 
methods of Eh-idge et al. (19506). The dilactone, butanolido- 
butanolide (3:7- diketo -2:6- dioxabieyclo [3:3:0] octane) 
formed p.ale brown prisms, m.p. 134° (Elvidge et al. (19506) 
give m.p. 131°), depressed by admixture with the mono- 
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lactone to 90-95°. The monolactone, y-carboxymethyl-A“- 
butenoUde, formed very pale bro'ivn rhombs, m.p. 110° 
depressed on admixture with the ddactone to 90-95° 
(Elvidge ah (1950a) give m.p. 110-5-lll-5°). ' 

The colour reaction between 
muconic acid and phenol 

When cis-cis- and cis-tmTW-muconic acids were heated at 
130° for 5 min. with various phenols, together with a drop of 
cone. HjSO^, coloured products were obtained which were 
soluble in water and organic solvents and fluoresced in 
ultraviolet light. The cis-trans-ncid gave more intense 
colours than the cis-cis-acid, whereas the traus-trans-acid 
under the same conditions gave no coloured product at all. 
These observations are summarized in Table 1. 


Table 1. Colours obtained by condensing cis-cis- and 
cis-trans-niMcomc acids with phenols at 130° Jor 


5 min. 


Colour of product 


Condensing 

phenol 


In acid In alkaline 

solution solution 


Phenol 

Resorcinol 

Catechol 

Quinol 

1- Naphthol 

2- Naphthol 


Crimson* 
Red-broum* 
Bro-^vnish violet 
Bro^vn 
Brown* 

Brown* 


Blue-green* 

Redf 

Olive green* 
Yellow brownf 
Brown* 
Yellowf 


* Light blue fluorescence in ultraviolet light, 
t Green fluorescence in visible light, 
j Blue fluorescence in visible light. 


Identification of the muconic acids 
by the above colour reaction 

The phenol most suitable for our purposes was phenol 
itself. The cis-cis- and cis-trans-acids give an intense crimson 
product in 6 min., whereas with the irans-irans-acid only a 
faint pink colour is obtained after several hours’ heating. 
If 1 mg. of cis-irans-muconic acid is heated with 600 mg. 
phenol and 0-1 ml. cone. HoSOj for 10 min. at 130° and the 
product dissolved in 50 ml. ethanol, this solution gives an 
extinction (Ej of 0-7 on the Spekker absorptiometer 
using Ilford Spectrum green Alter no. 604 and heat filter 
H 503. irans-irans-Muconic acid under the same conditions 
gives jn, =0-01. With cts-cis-muconic acid the maximum 
colour is attained in 45 min. when =0'76, whereas with 

trans-irans-m-aconic acid in 45 min. is only 0-05. 

If the temperature of the reaction is raised above 140°, 
trans-trans-mriconic acid gives the same crimson colour as 
its isomers, maximum colour being attained in 20 min. at 
160°. At 100°, the cis-cis- and cis-frans-acids give crimson 
colours after several hours’ heating, but the traus-rians-acid 
gives no colour at all at this temperature. Thus by carrying 
out the test at different temperatures the trans-trans-a,cid 
can readily be distinguished from its isomers. 

The two lactones, y-carboxymethyl-A“-butenolide and, 
butanolido-butanolide, give tbe same colour at the same 
rate as cis-trans-mneome acid, and it is possible that one of 
these lactones is the precursor of the colour, although 
Elvidge et at. (1950a) were unable to convert the trans-trans- 
acid into these lactones. Elvidge et at., however, point out 
that when the irans -irons -acid is heated at 160-165° with 
95% HjSOj, none can be recovered. 


Quantitative estimation of muconic acid 

The above colour reaction can be used for the quantitative 
estimation of muconic acid and the conditions for its use 
were investigated as follows. 

Quantity of phenol and sulphuric acid.' Experiments 
showed that the optimum amounts of phenol and cone. 
H2SO4 for development of the colour were 500 mg. and 
0-1, ml., respectively, to about 1 mg. of muconic acid. 

Effect of time of heating. In order to estimate the cis-cis- 
and cis-trans- in the presence of the trans-trans-acid it 
became necessary to carry out colour development at 100° 
for the former two acids and at 160° for the latter. The time 
of development of maximum colour at these temperatures 



Time of heating (hr.) 


Fig. 1. The effect of time of heating on the production of the 

red colour obtained by condensing muconic acid (0-6 mg.) 
with phenol (0'6 g.) and concentrated H2SO4 (O-l ml.) and 
then dissolving in 50 ml. absolute ethanol, x — x , cis- 
trans-Muconic acid condensed at 100°; • — •, cis-cis- 
muconic acid condensed at 100°; O — O, trans-trans- 
muconic acid condensed at 160°. E measured in the 
Spekker absorptiometer. ^ 

had to be determined. Muconic acid (0'5 mg.) was con- 
densed with 0-5 g. phenol and 0-1 ml. cone. H2S04 in corked 
tubes, at 100° ± 1° for the cis-cis- and cis-irans-iBomeis and at 
160° ±2° for the fraus-frans-acid. Heating was continued for 
varying lengths of time, and then the coloured melts were 
dissolved in ethanol to a volume of 50 ml. The colour was 
measured in 1 cm. cells in the Spekker absorptiometer 
using colour filters as above. Maximum colour development 
was attained at 100° in 4 hr. with cis-trans- and the two 
lactones, and in 6 hr. with cis-cis-mneonio acid. The irons- 
/rans-acid gave no colour in 6 hr. at 100°, but gave the same 
maximum colour in 20 min. at 160° (see Fig. 1) as the cis- 
acids did in 6 hr. at 100°. 

Effect of temperature. The above experiments showed that 
cis-cis- and cts-frans-muconic acids could be estimated by 
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heating mth phenol and SjSOj at 100° for 6 hr., whereas the 
irans-lrans-acid could be estimated in the same way except 
that the heating had to be done at 160° for 20 min. In order 
to estimate the cis-acids in the presence of the trans-trans- 
acid, it was necessary to find out whether the cis-acids gave 
the same amount of colour at 160° as at 100°. It was found, 
however, that if the ci^-acids were condensed at 160°, mote 
colour was produced than at 100°. This was not seen with the 
irans-irans-acid, for temperatures above 160° merely accel- 
erated the destruction of the colour produced by .this acid. 
The effect of temperature on the development of colour with 
the three acids is sho^vn in Fig. 2. In these experiments 
colour density was measured at 520 mii. (see below) in a 
Unicam spectrophotometer, the instrument finally adopted 
for all measurements of this colour. This extra colour 


Absorption spectrum of the colour and possible interference 
btf other dicarboxylic acids. It seems possible from the mode 
of production of the colour, that a xanthone derivative is 
formed by the condensation of one of the lactones of 
mnconic acid with two molecules of phenol. If this is true, 
then the possibility that other dicarhoxy'lic acids can form 
such coloured complexes must be home in mind especially 
when the method is applied to urine. 

The absorption spectrum of the coloured complex in 
ethanol in the visible region showed a single maximum at 
520 mp. with =0-56 for a solution prepared from 
0-2 mg. muconic acid {cis-cis- and cis-trans- by condensation 
at 100° and irans-trans- at 160°) and made up to 50 ml. with 
ethanol, measurements now being made with a Unicam 
spectrophotometer (see Fig. 3 curve A), All three isomers 
condensed as mentioned above gave the same Fj cm.* 



Fig. 2. The effect of temperature on the intensity of the red 
colour produced by heating the muconic acids with 

phenol and sulplmric acid, x x , O'l mg. irans-trans- 

acid condensed for varying times at different temper- 
atures and the product dissolved in 50 ml. ethanol; 

0-1 mg. cis-cis-acid treated similarly; x — x, 
0*1 mg. cis-(rons-ncid treated similarlj*. E measured in 
the Unicam spectrophotometer. 

production at 160° with the cis-acids, althouglr constant-. 
show cd that the cis*acids could not be readily estimated in 
the presence of the (rans-frans-ncid, although if the trans- 
Irans-echl occurred alone it coidd be estimated. In benzene 
urine only one isomer, the trans-trans-^ occurred, so tliat it 
could be re.'ulily estimated by- thi.s colour reaction. The 
elimination of this difficulty is described later {see bcloxr). 

Stahility of the colour. Tlic colour in ethanol when e.xposed 
to nir w.as stable for 15 min. after which time it slowlv 
< cterionitial probably due to absorption of moisture*, 
f. jaUies at 0. 0-2.'., 0-5. 1. 2, 3 and 4 hr. were* 0-7S, 0-70 
0-7.-., O CS, 0 46 and 0 44 re-sjx-ctivcly. -All rc.atUngs 
weia> theivfon* earned out within 15 min. of development. 
M ater reaiuct'd the intensity of the colour by a half. 



Fig. 3. Absorption spectra of the colours obtained by con- 
densing at 160° for 20 min., certain organic acids with 
phenol and concentrated H.SO, and dissolving the pro- 
duct in 50 ml. ethanol. Each curve corresponds to 1 mg. 
of the acid. A, /rans-lrana-muconic acid; B, oxalic acid; 
C, adipic acid; F, pimelio acid; E, succinic acid; F, 
suberic acid. 


Common acids of the urine were first tested, namely 
benzoic, hippuric, phenylacetic, salicylic and p-hydroxy- 
bcnzoic acids. When condensed with phenol and sulphuric 
acid at 160°, these acids give pale pink melts which dissolved 
irith ethanol to give nearly colourless solutions. These acids 
did not interfere. 

The dicarboxylic acids, oxalic, succinic, adipic, pimelic, 
suberic and azelaic acids were tested and all were found to 
give coloured melts at 160°, the spectra of which are 
recorded in Fig. 3. At 520 mp., the principal interference 
would come from adipic acid whose coloured complex 
(formed at 160°) at this wavelength has 33% of the ab- 
sorption of thephenolcondensationproduct of muconicacid. 

In the same w-ay, pimelic and oxalic acids would interfere to 
the extent of 7 and 5% respectively. In the estimation of 
eis-cis- and cfr-fraiw-mnconic acids, that is with a condensa- 
tion temperature of 100°, the interference would be much 
<»s txing 1 % for oxahe, 0-0% for adipic and 0-4% for 
pimelic acid. ™ 

The jimounts of these dicarboxylic acids in rabbit urine 
arc hkely to be very small, although values are known only 
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for human urine. Hanson (1943) has reported traces of 
succmic, adipic and suberic acids in normal human urine, 
and gives the content of C00H(CH2)„C00H as 15 mg./l. 
The succinic acid content of normal human urine has been 
reported by Weitzel (1947) as being l-9-8'8 mg./l. in 
twelve subjects. According to Mori (1918) rabbits excrete 
about 4-9 mg./day of oxahc acid. The amounts of these 
dicarboxylic acids excreted, however, depend upon diet 
(Hanson, 1943; Weitzel, 1947). 

Recovery of muconic acid from aqueous solutions. Solutions 
of cis-cis- or trans-trans-mucomc acids (0'5 or 0'2 mg.) in 
O-lN-NajCOj (1 ml.) were treated with 2 n-HC 1 (0-05 ml.), 
and the solutions were evaporated at 105°. Phenol and 
H2S04 were then added as above, and the tubes containing 
the c!s-cis-acid heated for 6 hr. at 100° and those containing 
the trans-irans-acid at 160° for 20 min. The colour was 
measured as before. Recoveries were satisfactory (95- 
102 %). The standard cun’es for the three acids are shown in 
Fig. 4. 



Fig. 4. Standard curve for the estimation of muconic acid, 
prepared by condensing muconic acid -svith phenol 
(0-5 g.) and cone. H0SO4 (0-1 ml.) at 100° for 6 hr. with the 
cis-cis- and cis-trans-acids and at 160° for 20 min. with the 
trans-trans-acid and then dissolving in 50 ml. absolute 
ethanol. ^ at 520 m^. measured in the TJnieam 
spectrophotometer, x, cis-cis; •, cis-irans; O, trans- 
trans. 

Estimation of muconicacidin urine. The above method was 
now applied to rabbit urine. If this urine were dried at 105°, 
subsequent treatment with phenol and H2SO4 yielded dark- 
brown solutions. Much of this darkening could be avoided if 
the mines were dried at room temperature in vacuo in a 
desiccator over P2O6. This also had the advantages of 
avoiding heat (which might cause isomerization), treatment 
with organic solvents and non- quantitative extraction 
procedures. 

Normal mines from rabbits were collected in flasks con- 
taining 0-5 ml. 1% HgCIj. Each 24 hr. urine (shghtly less 
than 100 ml.) was diluted with water to 100 ml. Solutions of 
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cis-cis- and trans-trans-muconic acids (5 mg./ml. in x- 
NaHCOj) were added to 25 ml. of these urines which were 
then diluted tvith water so that the final concentration of 
muconic acid in each solution was O-l mg./ml. In this way, 
solutions of muconic acid corresponding to outputs of 
muconic acid of 20 and 100 mg./day were made up. 1 ml. 
portions of these diluted urine-muconic acid solutions in test 
tubes (3 X f in.) were then dried in vacuo over at room 
temperature. Phenol (0-6 g.) and cone. H2SO4 (0-1 ml.) were 
then added to each dry residue. The tubes containing the 
cis-cis-acid were then heated at 100° for 6 hr. and those con- 
taining the trans-trans-acid at 160° for 20 min. The product 
from each tube W'as then dissolved in 60 ml. ethanol and 
filtered and the E^ cm. ®20 mp. then measmed in the 
spectrophotometer. The recoveries were cis-cis- (at 20 mg./ 
day), 78-85% and at 100 mg./day 95-98%; trans-trans- 
(at 20 mg./day), 89-95% and at 100 mg./day, 95-99%. 

Recovery of muconic acid from benzene urine. Muconic acid 
(20 mg. in the least amount of K-NaHC03) was added to the 
24 hr. filtered urine of a rabbit which had received a dose of 
0-5 g./kg. of benzene, so that the concentration of added 
muconic acid was 0-2 mg./ml. Then 1 ml. samples of this 
urine were dried in vacuo and condensed withephenol as 
above. Blank estimations were carried out simultaneously 
on the benzene urine. The recoveries of added muconic acid 
were cis-cis-, 102-108; cis-trans-, 103-105; trans-trans-, 
90-97%. 

Muconic acid in the urine of 
rabbits receiving benzene 

Benzene was administered orally to rabbits and the urine 
collected daily, made up to 100 ml. where necessary, and 
centrifuged. For each urine, eight tubes were set up con- 
taining 1 ml. of urine which was evaporated in vacuo in a 
desiccator over PjOg. When dry, 600 mg. phenol and 0-1 ml. 
cone. H2SO4 were added to each tube. Three tubes were 
heated at 100° for 6 hr., three at 160° for 20 min. and two 
tubes (blanks) kept at room temperature for 6 hr. Each 
melt was then dissolved in ethanol, made up to 50 ml., 
filtered from any precipitated inorganic salts and the 
optical density measured at 520 mp. in the Unioam spectro- 
photometer. Normal urines collected before and after the 
feeding of benzene were treated in the same way. The colour 
(a general absorption) given by normal urine after heating at 
100° for 6 fir. or at 160° for 20 min, remained very constant 
and gave a reading of approx. 0-1. In none of the 
experiments with benzene was there any increase in ab- 
sorption at 520 mp. above that of the normal urines after 
condensation at 100° for 6 hr. From this it w-as concluded 
that the urine of rabbits fed benzene does not contain cis-cts- 
and cts-lran-s-muconic acids in amounts greater than O-Oo /o 
of the dose of benzene. The figure 0-05 % is the limit iinposed 
by the method. The amounts of trans-trans-muconic acid 
found are given in Table 2, which shows that at a dose leve 
of 0-6 g./kg. 0-5% of the benzene appears as trans-trans- 
muconic acid. Fig. 5 shows an individual result. 


Metabolism of muconic acid 
by micro-organisms 

Since Evans & Smith (1951) have shown that cis-cis 

auconic acid, but not the cis-trans- and irarw-trons-isomers, 
5 metabolized by certain micro-organisms, we had to con 
ider the possibility that this acid might be formed an 
xcreted by rabbits receiving benzene and then be rapi y 
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Table 2. trans-trans-ilf Mconic acid exertion by rabbits receiving benzene orally 


and ci«-<ran5-Muconic acids were absent from all these "^ines since no eolour ^'as obtained on prolonged^ 

at 100“ with phenol and sulphuric acid. Dose level 0-5 g./kg. body wt. except for the two experiments at the foot of the 



Dose of 

Period of 

irans-trans- 
Muconic acid 

Benzene excreted 
as trans-trans- 

Rabbit 

benzene 

excretion 

excreted 

muconio acid 

no. 

(g-) 

(days) 

(mg.) 

(% of dose) 

61 

1-58 

2 

17-6 

0-6 

53 

1-41 

1 

11-3 

0-45 

67 

1-41 

2 

12-3 

0-5 

69 

1-23 

1 

22-3 

1-0 

70 

1-76 

3 

17-2 

0-55 

75 

1-32* 

2 

4-9 

0-15 

82 

1-32* 

2 . 

9-3 

0-4 

87 

1-32* 

1 

14-7 

0-65 

69 

2-46 

3 

17-1 

0'4 

70 

3-52 

3 

22-0 

0-35 


* Urine collected in the presence of HgCl j . 


destroyed by micro-organisms infecting the urine. We found 
that the recovery of added cia-cis-muconic acid from very 
stale rabbit urine was negligible. In two experiments we 
recovered no cis-cis-muconic acid after 48 hr. when it was 



Day 

Fig. The excretion of irans-lrans-muconic acid by 
rabbit no. 70 which had received orallj- l-TG g. of benzene 
on day 3 and S-.'iS g. of benzene on daj' 8. The muconicacid 
excretion is expressed in terms of the at 520 my. of 
the pbenol-muconic acid colour in ethanol (see text). 

added to stale urine in concentrations of 20 and 100 mg./ 
100 ml., whereas tlie trans-frnns-acid could be recovered 
almost quantitatively. 

On culturing this urine on McConkey agar two pre- 
dominant organisms were isolated. One was a latc-lactose- 
fermenting paracolon Kacillus and the other a facc.al-type 
strejitococcus (enterococcus). The.se organisms grew verv 
scantily in 48 hr. on symthctic media of salt-s and adtamins 
which contained (NHiljSOi and urea as sources of nitrogen 
and f is-ci j.muconic acid ns the source of carbon. Kone of the 
muconic aci<l was met.abolized. Tliese org.anisms however 
grew well on frt'sh, autoclaved rabbit urine containing cis- 


cis-muconic acid, and in 96 hr. the faecal-type streptococcus 
metabolized 100% and the paracolon bacillus, 96% of the 
added cis-cis-muconic acid (0-5 mg./ml.). On subculturing 
4 or 5 times on glucose nutrient agar media the organisms 
lost their ability to grow well in rabbit urine containing cis- 
ci«-muconio acid. 

It was concluded from these observations that in our 
experiments these organisms did not occur in sufficient 
numbers and did not metabolize cfs-cfs-muconic acid 
sufBciently rapidly to affect our results. In any case heavy 
growth of these organisms only occurred when rabbit urine 
had been allowed to stand for several days at room temper- 
ature. However, in order to eliminate this possibility, the 
urine from rabbits receiving benzene was coUected in flasks 
containing 0-6 ml. of 1% HgClj. In this concentration 
HgCh had no effect on the colour development. The results of 
these experiments (see Table 2) were essentially the same as 
those in which no HgCl- was used, and it was concluded that 
the absence of cis-cis-muconic acid was not due to its de- 
struction by micro-organisms. 

Isolation of muconic acid from benzene urine 

A total of 7 g. of benzene (0-5 g./kg.) was fed by stomach 
tube with water to four rabbits. The 48 hr. urine (450 ml.) 
was made 0-2 n with respect to HCl by adding cone. HCl. It 
was then saturated with (NHji-SOj and continuously 
extracted for 6 hr. with peroxide-free ether. (In separate 
e.vperiments it was shown that 150 mg. of cis-cis-muconic 
acid added to 100 ml. normal rabbit urine could be re- 
covered almost quantitatively by ether extraction for 6 hr. 
at pH 2, as a muconic acid m.p. 185-186°, probably a 
mixture of cis-cis and cis-trans. Ho irans-irans-muconic acid 
was formed in this procedure.) The ethereal extract was 
decanted from a small quantity of wet tarry material and 
allowed to concentrate at room temperature. After cooling 
at0° for several hours, the nearly colourless crystals (69 mg. 
or 0'6^(, of the dose) which had separated were filtered and 
washed rrith a little ether. Evaporation of the mother 
Uquors yielded another 51 mg. of semi-crystalline material. 

The colourless crystals were impure, for they began to 
melt at 180-185° and finally decomposed at 295-300°. On 
colorimetric assay, as described earlier, they contained no 
CIS-CIS or cis-frans-muconic acid and 20% of trans-trans- 
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muconic. This crude material was also tested microbiologic- 
ally by Dr W. C. Evans of Aberystwyth (Evans & Smith, 
1951) who reports that it contained no cis-cis-muconic acid. 

EecrystaUization of this material from ethanol eventually 
yielded pure irans-trans-mncoxdo acid, m.p. 300° (decomp.); 
the yield of pure material in several experiments was 
0-l-0-2% of the dose of benzene. The acid was further 
identified by the preparation of benzhydryl trans-trans- 
muconate, m.p. and mixed m.p. 190° (the cis-cis-ester melts 
at 156° and the ds-trans- at 142°). These isolation experi- 
ments strongly suggest that benzene urine contains only 
trans-irans-nracomc acid. 

Experiments on the injection of the 
three isomers of muconic acid 

The estimation o/cis-cis- (oTidjor cis-trans-) muconic acid in 
the presence oj trans-trans-muconic acid. The colour reaction 
developed above for the estimation of the muconic acids 
could not be applied as such when more than one isomer 
oocurredin the test solution, because of the different amounts 
of colour produced by the cis-acids at 100 and 160°. A solu- 
tion of this difficulty, however, was foimd in the observation 
of Gnmdmann & Trischmann (1936) (cf. Elvidge et al. 
19506) that the cis-cis- and cis-truTis-acids may be quanti- 
tatively converted to the trans-trans-a.cid by irradiation •noth 
ultraviolet light in the presence of small amoimts of Ij. The 
conditions of this transformation when the acids occurred in 
urine were therefore investigated. When these conditions 
were known the cis-acids could then be estimated in the 
presence of the trans-trans-ecid by first estimating the cts- 
acids in a mixture by the colour reaction with phenol at 
100°, then irradiating with idtraviolet light to convert the 
cis-acids into the irans-trans and finally estimating the total 
muconic acid as the trans-frans-isoraer by the colour reaction 
with phenol carried out at 160°, 

In pure solution it was found that 100 % conversion of the 
cis-acids (5 ml. of 1 mg./ml. solution) to the trans-trans-a,cid 
occurred on irradiation from above, for 1-2 hr., of the solu- 
tion containing 0-5 ml. of 0T% ethanolic Ij in small 
beakers placed 10 cm. below the ultraviolet lamp. In all 
experiments a Gallenkamp ultraviolet lamp was used, stated 
by the makers to contain a ‘ 125 watt mercury discharge unit 
enclosed by an ultraviolet glass filter from which there is 
practically no visible fight, 95 % of the radiation being at 
3650 A.’. The solutions were thus in effect irradiated by fight 
of wavelength 365 m;a. which is some distance from the 
absorption maximum of muconic acid which is at 260 mp. 
However, irradiation of the solutions with a carbon arc 
lamp produced no better results than the Gallenkamp lamp. 

It was also found that the isomerization could be carried 
out just as efficiently in 3 x f in. test tubes kept upright and 
irradiated from above, as in open beakers. Furthermore, the 
isomerization took place equally weU in dilute urine, dilute 
H2SO4 or NaHCOs and in the presence of HgClj which was 
used as an antiseptic for the urines. The amount of Ij used 
as a catalyst, however, was important. In the first place it 
was foimd that solutions of I2 in KJ interfered with the sub- 
sequent development of the red colour with phenol, but 
ethanolic solutions of 1„ were satisfactory because the I2 
could be removed by evaporation at the end of the irradia- 
tion period. 

The effect of I» was investigated as follows, cis-trans- 
Muconic acid was dissolved in tenfold diluted normal rabbit 
urine to a concentration of 0-1 mg./ml. To 1 ml. of this 
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solution there was added from 0-05 to 0-2 ml. of 1 % 
ethanolic Ij solution. These solutions were irradiated with 
ultraviolet fight for 2 hr. in 3 x | in. test tubes, held upright 
10 cm. below the lamp as mentioned above. The solutions 
were then dried in vacuo at room temperature over P2O5 and 
the residue condensed with 0-6 g. phenol and 0-1 ml. cone. 
H2SO4 at 160° for 20 min. as described for the estimation of 
trans-irans-mnconic acid. The red colour was measured as 
before. Similar solutions without the irradiation were dried 
in vacuo and condensed with phenol at 100° as in the estima- 
tion of cts-cis-muconic acid. The results are shown graphic- 
ally in Fig. 6, which shows that in 1 ml. of diluted rabbit 



Fig. 6. The effect of the amount of iodine present on the 
isomerization by ultraviolet fight of cis-cis- to trans-trans- 
muconic acid (0-1 mg./ml.). 

urine 1 mg. of I2 (0-1 ml. of 1% ethanolic I2) gives 100% 
conversion of O'l mg. of the cis-aoids to the trans-trans-ucid 
on irradiation for 2 hr. This somewhat large amount of I2 is 
necessary to allow for the consumption of I2 by normal rabbit 
urine (approx. 4-5 ml. of 1 % ethanolic I2/IOO ml.) and for 
that lost by evaporation during the irradiation. 

Mixtures of all three acids were now estimated in tenfold 
diluted rabbit urine. The procedure which was finally used 
for benzene urine was to take 1 ml. of urine appropriately 
diluted with water so as to contain 0-1 mg. of muconic acid 
and the procedure for the estimation of cis-cis-muconic acid 
was then followed. To another 1 ml. of the mine made up in 
the same way there was added 0-1 ml. of 1% ethanolic I2, 
then irradiated for 2 hr. with ultraviolet fight and the pro- 
cedures for the estimation of cis-cis- undtrans-trans-muconic 

acids followed. With still another 1 ml. the irans-trans- 
estimation was carried out -without irradiation. A blank 
estimation was also carried out on 1 ml. urine contaiimg 
0-1 ml. 1 % I- but -without muconic acid, condensations 
being carried out at 100 and 160°. With benzene urine the 
blank estimations were carried out on urine collected prior to 
dosing. Recovery experiments are given in Table 3. 

Injection of trans-trans-rnuconic acid. The acid was is- 
solved in an equivalent amount of saturated aqueous 
NaHCOa. Such a solution contained approx. 100 mg./ml. 
This solution was injected intraperitoneally into ra 1 s, 
each rabbit recei-ving 100 mg. muconic acid/kg. The 
were collected daily in flasks containing 0-5 ml- 01 /o 
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Table 3. Recovery of isomeric muconic acids from diluted rabbit urine 


(E values are for the red colour obtained by condensation of muconic acid with phenol and HjSOj and then dissolving 
in ethanol (see text). Corrected values (for 160° condensations) are obtained by subtracting the urine blank values.) 


Material 

In aqueous solution (1 ml.): 

OT mg. cis-cis 
O'l mg. cis-irans 
0-1 mg. trans-trans 

In urine (1 ml.) +1, (O-l ml.): 
None (urine blank) 

0-1 mg. cis-cis 
0-1 mg. cis-irans 
0-05 mg. each of cis-cis and 
trans-trans 

0-05 mg. each of cis-irans and 
trans-trans 


E at 520 m/i. 
Condensation temperature 


Ultraviolet 


160° 

for 20 min. 


irradiation 

100° for 

/ 

A 

s 

Recoverv 

treatment 

6 hr. 

Found 

Corrected 

(%) ■ 

None 

0-275 

0-53 



None 

0-2S 

0-54 

— 


None 

0-02 

0-27 

0-27 

— 

None 

0-155 

0-185 



2 hr. 

0-185 

0-445 

0-26 

95 

2 hr. 

0-160 

0-43 

0-245 

88 

2 hr. 

0-135 

0-485 

0-300 

109 

2 hr. 

0-140 

0-435 

0-250 

91 


Table 4. Excretion of muconic acid by rabbits after the intraperitoncal injection 
of the three isomeric muconic acids 

Muconic acid recovered 


Muconic 
acid injected 




As cis-cis 

As 



Rabbit 

no. 

M^eight 

(kg.) 

Dose 

(mg-) 

or cis-trans 

(mg-) 

trans-trans 

(mg.) 

Percentage 
of dose 

trans-trans 

75 

2-8 

250 

0 

137 

06 ^ 



82 

87 

2-8 

2-2 

250 

175 

0 

0 

119 

86 

48 

49 

f 

cis-cis 

67 

2-45 

240 

0 

132 

55 J 

( 

75 

82 

2-8 

2-8 

250 

250 

154 

179 

0 

0 

?o] 

i 66 


86 

3-1 

280 

189 

0 

AR 1 


cis-trans 

51 

2-4 

240 

145 

0 

uo 

61 

1 

75 

2-S 

250 

150 

0 




82 

86 

2-8 

3-1 

250 

280 

118 

159 

0 

0 

OU 

47 

58 

1 

- 55 


Table 5. Estimation of cis-ois-muconic acid in the 
urine of rabbits injected with the cis-cis -acid, and 
demonstrating the absence of the trans-trans-aefd 

(Each rabbit was injected with 100 mg./kg. of cis-cis- 
muconic acid. E values are for the red colour obtained by 
condensation of muconic acid with phenol and H.SO, and 
then dissolving in ethanol.) 


Rabbit 

Ultraviolet 
irradiation 
treatment of 

E at 520 m/i. 
condensation temperature 

f— A 

no. 

urine 

100° for 6 hr. 160° for 15 min'. 

75 

None 

0-415 _ 


2 hr. 

— 0-45 

82 

None 

0-48 _ 


2 hr. 

— 0-48 

86 

None 

0-51 _ 


2 hr. 

— 0-50 


HgQ,. Each urine was then diluted to 1000ml. with watei 
and 1 ml. of this dUuted solution used for the estimation 0 
mucomc acid. Only traces of colour which were within th 
error of the method were obtained when the condensatioi 


4.1 I ~ V/ 111. iuu , tiius sho^Tins 

he absence of cis-cis- and cis-trans-mncoiiic acid. The mail 

5?0° for^90 mt° T “ 'condensing u-ith phenol at 

160 for 0 mm. In four expenments an average of 52% ol 
the mjected irans.irans-muoouic acid was recovered m th 
unne as such wrthm 24 hr. of dosing, there being no conver 
Sion mto the other isomers (see Table 4). o/continuou- 
f a'ci'iifi'^tion, only the 

“-P- “<1 “«ed m.p. 300°- 
^ of the onginal unne yielded 204 mcr v 

equivalent to 36% of tha^injectS: 

mmTiZ % °c,-d. In a similar manner 

- .hfui, TulTolT 

the colour with phenol at 100° for 6 hr ao ’ ‘^®’^olopmg 

the urine with ultraviolet r eradiation of 

trans-muconic acid the col estimating trans- 

theprocedurefortherjjc.ri* the same as for 

that urine contained no^muTJu^™^ 

“ueoniSTslteTSmV^lsS^^^^t;^ ether, the 
•p. 18 J atter two reciystalliza- 
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tions from ethanol. It was thus not trans-trans, but one or 
a mixture of the cis-acids. 

Injection of cia-tr&na-muconic acid. In a similar way, cis- 
trans-mucomc acid was injected and 55% was found again 
in the urine (Table 4). Ether extraction of the urine yielded 
the cis-irans-acid, m.p. 189-190°, after two recrystalliza- 
tions from water (yield approx. 50% of dose). 

DISCUSSION 

The discovery by Elvidge et al. (19506) that mere 
recrystallization of cfs-cfs-muconic acid (II and II a) 
from water yields the cfs-irons-isomer (III) makes 
much of the earlier biochemical work, in which the 
so-called cis-cts-muconic acid was used, difficult to 
interpret. If samples of cis-cis-muconic acid which 
had been crystallized from water were used, it 
appears very probable that earlier workers were 
handling either mixtmes of the cis -cis- and cis-trans- 
isomers or the cis-imTW-acid alone. This point is an 
important one since Evans & Smith (1951) have 
sho'wn that the cis-cis-acid behaves biologically in a 
different manner from the cis -trans -acid. 


1952 

The configuration of the carbon-carbon double bond 
in this compound is <rans,"whereas the original con- 
figuration of this bond in the benzene ring of homo- 
gentisic acid is cis. Thus we have here another 
problem similar to that of the muconic acids. 

Drummond & Finar (1938) concluded from their 
experiments that cis-cis-muconic acid was not 
isomerized to the trans-trans -acid in the animal 
organism. On injection of ‘ cis-cts-muconicacid ’ they 
recovered by isolation in two experiments 47 and 
45 % of the acid unchanged. With injected trans- 
trans -muconic acid they recovered by isolation an 
average of 56 % of doses of 800 mg., and similar 
results were obtained by Mori (1918) who recovered 
55-60 %. In most of these experiments the yields 
were based on crude materials and are therefore 
probably high. Our experiments on the injection of 
the three isomers in rabbits confirm the views of 
Drummond & Finar. Mfiiichever isomer is injected, 
the same isomer is excreted (when allowance is made 
for the easy isomerization in aqueous solution of the 
cis-cis- into the cis -trans-acid). We found that at a 


H H 



H H 


I 




COOH 


COOH 


IV 


(Elvidge et al. (19506) suggest that the cis-cis- and 
cis -trans -acids probably occur in extended s-trans- 
configuration (II a and III) . II is the s-cis-configura- 
tion of cis -cis -muconic acid showing its relationship 
to benzene, I.) 

The present work confirms the findings of earlier 
workers that only trans-<m7!^-muconic acid (IV) is 
found in the urine of rabbits receiving benzene (I). 
Furthermore, evidence has been presented to show 
that this isomer could not have arisen by isomeriza- 
tion in the urine of the czs-cis-isomer after excretion. 
It is also shown that if any cis-cis-muconic acid were 
excreted it could not have been destroyed, before 
estimations could be carried out, by micro -organisms 
infecting the urine. frans-irans-Muconic acid,- 
therefore, appears to be a genuine metabolite of 
benzene and not an artifact. By our method of 
estimation the amoimt of benzene, at a dose level of 
0-5g./kg., excreted as this acid, is about 0-5% 
(range 0- 15-1-0%) of the dose. It is thus a minor 
metabolite of benzene. 

Recently Ravdin & Crandall (1951) have ob- 
tained a water-soluble enzyme system from rat 
liver which oxidatively cleaves homogentisic acid to 
4-fumarylacetoaeetate, 


dose level of 100 mg./kg., 50-65 % of the acids were 
excreted unchanged in about 24 hr. The metabolites 
of muconic acid are not laio%vn, but it seems likely 
that the acid imdergoes )S-oxidation in the usual 
way, for Hensel & Reisser (1913) observed that in 
the perfused liver, muconic acid (presumably the 
trans-traJis-acid as this w-as the only isomer known in 
1913) gives rise to acetone. According to Raizon & 
Yamamoto (1940) perfusion of dog liver with the 
trans-trans-acid leads to the production of acetone 
bodies, but the cis-czs-acid does not. Mori (1918), 
however, reports that the t?‘ans-trans-acid does not 
increase the output of oxalic acid in rabbits. 

These results lead to the conclusion that cis-cis- 
muconic acid is not necessarily an intermediate m 
the metabolism of benzene in the animal body. 
Evans & Smith (1951), however, have suggested 
from simultaneous adaptation studies that cis-cis- 
muconic acid is an intermediate in the microbim 
logical oxidation of phenol, catechol and benzoic 
acid to )3-ketoadipic acid. Hayaishi & Hashimoto 
(1950) have isolated cis-cis-muconic acid (or more 
probably cis-trans- in view of the treatment the 
material received during the isolation) from the 
oxidation of catechol by an enzyme from Pseudo- 
monas sp. Thus cis-cis-muconic acid may be an 
intermediate in the bacterial oxidation of pheno , 


COOHCHiCHCOCHjCOCHaCOOH. 
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although its microbiological production from 
benzene itself has not yet been studied. 

Pathways of metabolism of benzene to trans- 
iran^-muconic acid without the intermediate forma- 
tion of the cis-cts-acid can readily be postulated. 
Thus hydroxyquinol (V) which is a metabolite of 
benzene {Porteous & Williams, 1949b) could give 
rise to fumarylacetic acid (VII) in the same way as 
homogentisic acid gives rise to fumarylacetoacetic 
acid (Ravdin & Crandall, 1951), although one would 
expect maleoylacetic acid (VI) as an intermediate. 
Reduction followed by dehydration of fumaryl- 
acetic acid could then give rise to trans-trans- 
muconic acid (IV) thus: 

HC.COOH 



HjC.COOH 

V VI 


of the three geometrical isomers of muconic acid has 
been studied. Tlie method is based on the production 
of a red colour by heating muconic acid with phenol 
and concentrated sulphuric acid and then dissolving 
the product in absolute ethanol. 

2. The same amount of colour is produced on 
heating the cis-cis- and ci^-trans-aoids at 100° for 
6 Iw. as on heating the trans-trans -acid at 160° for 
20 min. By this method the cis-acids can be dis- 
tinguished from the trans-trans-acid and estimated 

HC.COOH HC.COOH HC.COOH 

? II +2H II --HjO II 

— > CH 9- CH > CH 

I 1 I 

OC HOCH • CH 

I I II 

HjC.COOH HjC.COOH HC.COOH 

VII IV 


There are obvious difficulties in this postulate, such 
as the conversion of maleoylacetic to fumarylacetic 
acid. Another possibility is the formation of ^)3'- 
dUiydroxyadipic acid (VIII) which might give 
the trans-trans-acid on dehydration. DUiydroxy- 
adipic acid could arise from hydroxyquinol or 
l:2:4:5-tetrahydroxybenzene (IX) (this last phenol 
has not been fovmd as a metabolite of benzene), 
thus: 


when they occur separately. Tliis method has also 
been applied to urine. 

3. HTien the cis-acids and the trans-trans-acid 
occur together the same colorimetric method can be 
used for their estimation, if the cis-acids are first 
estimated in the mixture and then converted to the 
trans-trans-acid by ultraviolet light followed by an 
estimation of the total muconic acid as the trans- 
trans -isomer. 



.OH 

HO^^OH 
V 

HOt^^OH 

Hok^OH 

IX 


HC.COOH 

HG 

I 

HOC 

II 

HC.COOH 


+ 0 


HC.COOH 

II 

^HOC 

I 

HOC 

II 

HC.COOH 


HjC.COOH 

I 

OC 

I 

OC 

I 

HjO.COOH 


HjC.COOH HC.COOH 

+4H I -2HjO II 
^ HOCH CH 


HOCH 

I 

HjC.COOH 

VIII 


CH 

II 

HC.COOH 

IV 


According to Stanier, Sleeper, Tsuchida & 
Macdonald (1960) hydroxyquinol is probably not an 
intermediate in the bacterial oxidation of phenol and 
other compounds to jS-ketoadipic acid. The latter is 
a common intermediate in the bacterial oxidation 
of several aromatic compounds, but we have never 
detected it in the urine of rabbits receiving benzene. 

It is possible that the solution of the stereo- 
chemical problems involved in the formation of 
,<ra)is-<ra(is-muconic acid from benzene in the intact 
animal and of fumarylacetoacetic acid from 
homogentisic acid in tissue extracts may lie in the 
chemistry of unsaturated hydroxy compounds 
which undergo ready isomerization. 


4. By this colorimetric method it has been shown 
that rabbits receiving an oral dose of benzene 
excrete about 0-5% of the dose as trans-trans- 
muconie acid, there being none of the cts-isomers 
in the urine. trans-fmns-Muconic acid was isolated 
from the urine and characterized as its benzhydryl 

5. It has been sho-ivn that if cis-cis-muconic acid 
had been excreted after administration of benzene 
it could not have been destroyed by bacteria. 

6. The three isomers of muconic acid’ have 
also been mjected into rabbits and no evidence was 
round for then in vivo isomerization, 50-65°/ 
of unchanged acid being recovered in the urine. 
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7. It is concluded that ^rar25-^m?^s-muconic acid 
is probably a true metabolite of benzene and is not 
produced in vivo from the cis-cis-acid. It is suggested 
that the cis-cis-acid need not he an intermediate in 
the formation of the trans-trans -acid in the animal 
body. 
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The Separation of Esters of Choline by Filter -paper Chromatography 

By V. P. WHITTAKER* and S. WIJESUNDERA 
Department of Biochemistry, University of Oxford 

{Received 18 Avgust 1951) 


The teclmique of paper chromatography (Consden, 
Gordon & Martin, 1944) has been applied in recent 
years to the separation of numerous classes of 
substances. It has now been applied to esters of 
choline in connexion with work on the identifica- 
tion of choline esters in tissue extracts and on the 
mechanism of enzymic reactions involving choline 
esters. Preliminary accounts have been given by 
Mdiittaker (1951) and \^Tiittaker & Wijesundera 
(1951). 

METHODS 

Chromatographic procedure 

Whatman no. 4 filter paper was used throughout. For 
prehminary screening of solvents, tall inverted beakers or 
wide-mouthed bottles mth serew caps were employed as 
containers. Solutions of esters in water ( 10-50 ^g. in lOfil.) 
were delivered, 3 cm. from the lower edge, on to a rectangle of 
filter paper of suitable dimensions by means of an ‘Agla’ 


* Now at Department of Physiology, Cincinnati Uni- 
versity College of Medicine, Cincinnati 19, Ohio, U.S.A. 


micropipette (Burroughs Wellcome Ltd.). The paper was 
rolled into a cylinder whose axis W'as parallel to the intended 
direction of solvent flow, and the apposed ends of the paper 
secured by wire staples. The cylinders were then placed 
upright in a pool of solvent at the bottom of the container 
and irrigated by capillary ascent, a 10 cm. run taking 
2—4 hr. Promising solvents were then tried with longer runs, 
using both upward and downward irrigation in containers of 
conventional design. 

Reading of chromatograms 

Esters were rendered visible on the paper by three 
methods, one specific for carboxylic esters and certain other 
compounds containing an acyl linkage (e.g. lactones, acyl 
phosphates), the other two relatively non-specific. 

Carboxylic reagent 

The first method employed a reaction first used by Feigl, 
Anger & Frehden (1934, cf. Feigl,' 1939) as the basis of 
a spot test, and later apphed to the quantitative estima- 
tion of acyl phosphates (Lipmann, 1946) and acetylcholine 
(Hestrin, 1949). The reaction involves the conversion of the 
carboxylic ester into a hydroxamic acid with alkaline 
hydroxylamine, followed by the formation of a purp e 
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complex between the hydroxamic acid and re+++ in acid 
solution; 


R . CO . OR' + NH 2 OH R . CO . NHOH + R'OH 

R . CO . NHOH + i Fe+++ R— c/ ^(Fe) 

NH 0 


In preliminary studies (by V.P.AV.) thereagents of Hestrin 
(1919) were used. The papers were hung in a box inside a 
fume cupboard, and sprayed first with alkaline hydroxyl- 
amine, then, after 1 min., with acid FeClg. An initial brorvn 
colour (due to Fe(OH) 3 ) was replaced by yellow when 
sufficient acid had been delivered, the esters showing as 
purple spots. This method suffers from the following dis- 
advantages : the spots are fugitive and must be outlined at 
once in pencil; the esters are soluble in the aqueous reagents 
and tend to diffuse away from their original positions; the 
reagents, being strongly alkaline and acid, are unpleasant 
to use. These disadvantages have been largely overcome, 
and the sensitivity considerably increased, by the use of 
non-aqueous reagents, which are also more stable. 

(Stoci-reaycnts.ThefoUowingstocksolutionsareemployed: 
(A) Aqueous ethanolio hydroxylamine hydrochloride. 
Hydroxylamine hydrochloride (20 g.) is dissolved in water 
(50 ml.) and diluted to 200 ml. with 95% (v/v) ethanol. 
Stable when stored in the cold. 

(IS) Ethanolio KOH. The hydroxide (50 g.) is dissolved in 
the least quantity of water and diluted to 600 ml. with 95 % 
(v/v) ethanol. 

(0) Ethereal acid FeClj. Well powdered FeClj.OHjO 
(10 g.) is dissolved in 20 ml. IOn-HCI and shaken with 
300 ml. ether until a homogeneous solution results. Stable 
indefinitely in well stoppered bottles. 

Spray reagents. These were made from the stock solutions 
as follows: 

(1) Ethanolio alkaline hydroxylamine. Stock solution A 
is mixed with twice its volume of solution B and fdtered 
from precipitated KCl. Stable for over 2 weeks in the cold. 

(II) Stock solution C used directly. 

Procedure. The dry chromatograms were clamped in a 
box, reagent I applied thinly and evenly with an atomizer 
supplied rvith compressed N,, dried briefly and sprayed rvith 
reagent II. The esters showed up almost at once as purplish 
spots on a yellow ground. 

Sensitivity. As little as 0-5 pg. acetylcholine/cm.® gave a 
faint fugitive spot and 2pg./cm.® gave distinct spots which 
remained visible for several weeks. With weaker reagents, 
larger volumes have to be delivered on to the papers, thus 
making them wet and increasing the risk of diffusion. 
Ethereal ethanolio hydroxylamine in place of reagent A 
gave fugitive spots. 


Iodine method 

Brante (1949) found that nitrogenous bases could be 
separated by paper chromatography and visualized as 
brown spots by immersing the paper in Ig vapour. As 
pointed out by Marini-Bettolo-Marconi & Guarino (1950), 
this method is non-specific and can be applied to a rvide 
variety of compounds. On exposing the treated paper to the 
air, the colour fades and the paper may then be treated with 
another reagent or assayed pharmacologicaUy. We have 
found the iodine method particularly useful in conjunction 
with other methods, and exact coincidence was obtained in 
areas developed by the iodine and carboxylic methods. 


Phospholiingstic acid-stannous chloride method 

The method of Chargaff, Levine & Green (1948)forcholine 
was found to be applicable to choline esters. It was found 
to be less convenient for our purposes than the other two 
methods, being less specific and less sensitive; moreover the 
washing-out stages were attended with a risk of damage 
to the chromatograms. 



Fig. 1. Time required for extraction of acetylcholine from 
filter paper. 
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Fig. 2. (a) Chromatogram of acetylcholine. Solvent, n- 
butanol saturated with water (ascending). (6) Distribu- 
tion of acetylcholine on chromatogram, as revealed by 
pharmacological assay (guinea pig ileum). 


Pharmacological assay 

Estere which are pharmacologicaUy active can he 
locahzed by biopsay. Fig. 1 shows that elution of acetyl- 
chohne from filter paper with water is 93% complete in 
30 mm. In this experiment a series of spots, each containing 
150 acetylcholine chloride placed on filter paper, were 
ron m n-butanol saturated with water. The papers were 
dried and the positions of the spots located by developing 
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control spots ■with iodine. Areas corresponding to the spots 
•were then cut up and extracted in 3 ml. 'water each for 
various lengths of time. The acetylcholine content of samples 
withdrawn at 5, 15 and 30 min. was determined hy the 
method of Hestrin (1949). Fig. 2 (a) is the tracing of a 
chromatogram of 10 pg. acetylcholine run in 7i-butanol 
saturated -with water. The chromatogram was cut into 
numbered areas; each area was cut up and eluted for 
30 min. in 2 ml. of a saline solution acidified to pH 4, the 
pH at which acetylcholine has maximum stability. Each 
extract was assayed in the usual manner using a guinea pig 
ileum preparation. The result of the assay is sho^vn in the 
lower half of the figure (Fig. 26). It will be seen that good 
localization and recovery of the acetylcholine are obtained. 

RESULTS 

The Rp values of a number of esters in different 
solvents are presented in Table 1. Essentially the 
same values -were obtained for an ester whether run 
alone or as a component in a mixture, but the values 
obtained in any one experiment were found to be 
influenced by the usual factors and rigid control of 
temperature, length of run and composition of 
solvent were necessary to secure uniform results. 


1952 

0-1 3-0,- 16 above those of the chlorides. Increasmg 
water content raised Rp values and reduced separa- 
tion; with ethanol and acetone it also reduced the 
‘tailing’ which occurred with the pine solvents. 
Pyridine-, collidine-, lutidine-, phenol-, benzyl 
alcohol-, furfuryl alcohol- or dioxan-water mixtures 
proved either unsatisfactory or inferior in resolving 
power to those included in the table. Solvents con- 
taining ammonia destroyed choline esters, which are 
markedly alkali-labile. 

DISCUSSION 

The results presented above show that it is possible 
to separate esters of choline using paper chromato- 
graphy, the best solvents being the less freely water- 
soluble alcohols, either alone or in combination. 
Three methods of chemical identification have been 
described; one, using alkaline hydroxylamine and 
acid ferric chloride, is specific for compounds con- 
taining the acyl linkage and should be applicable to 
other esters of low volatility, and possibly also to 
acyl phosphates and lactones, which can be estimated 
with the reagents (Kent, 1951). 


Table 1. Mean Rp values of choline esters and related compounds 

(Length of run: 25 cm. (upward); 35 cm. (downward); (a) denotes upward; (d) downward irrigation. Composition of 
solvents given as proportions by volume of constituents. Whatman no. 4 filter paper.) 






«-Propanol- 

n -Propanol-benzyl 


■n-Butanol saturated 
with water 

1 

w-Butanol-n- n-Propanol- 
propanol-water water 

//I . 0 . 1 \ /n . 1 \ 

formio 

acid-water 

(8:1:1) 

alcohol-water ■ 
(5:2:2) 




r \ 



f 

( 0 ) 

Compound 

(d) («) 

(a) 

Chlorides 

(a) 

( 0 ) 

{d) 

Acetylcholine 

0-09 0-14 

0-17 

0-24 

0-46 

— 

0-33 

Acetyl-|5-methyloholine 

0-15 0-19 

0-23 

0-35 

0-56 

— 

0-37 

Propionylcholine 

0-17 0-22 

0-27 

. 0-35 

0-59 

— 

— 

Butyxylcholine 

0-22 0-28 

0-29 

0-43 

0-66 

— 

0-46 

Benzoylcholine 

0-23 0-28 

0-30 

0-43 

0-65 

— * 

0-49 

Lactylcholine 

— 0-18 

— 

— 

— 

— 


Valerylcholine ’ 

— — 

0-55 

— 

— 

— 


Choline 

0-06 0-09 

0-13 

Perchlorates 

0-24 

0-38 


0*25 

Acetylcholine 

0-22 0-30 

0-34 

0-40 

0-59 

— 

0-48 

Acetyl- ^-methjdcholine 

0-31 — 

0-38 

0-62 

— 

— 

0'54 

Propionylcholine 

0-32 0-42 

0-39 

0-49 

0-67 

— 

Butyryl-jS-methylcholine 

0-49 — 

0-59 

0-70 

0-75 

— 


Lactylcholine 

— 0-34 

— 

— 

— 

— 

0-17 

0-30 

0-46 

Succinylmonocholine 

Unsatisfactory 

0-04 

Unsatisfactory 

0-62 

0-10 

Succinyldicholine 

Unsatisfactory 

012 

Unsatisfactory 

0-30 

0-19 

Choline 

0-21 0-24 

0-31 

0-39 

0-60 

0*50 

jS-Methylcholine 

0-29 0'45 

0-40 

0-48 

0-56 

— 



Increasing molecular complexity leads to in- 
creased Rp values. In n-butanol, for example, each 
additional CHj (starting with acetylcholine) in- 
creases the Rp by approximately 0-07 ; isomers, 
e.g. propionylcholine and acetyl- jS-methylcholine 
([MeaN-t-.CHo.CHMe.OAcjOH-), having closely 
similar values. The associated anion influences the 
Rp ; in n-butanol, the Rp’s of perchlorates are 


SUMMARY 

1. Choline esters can be separated from each 
other and from choline by the technique of paper 
cliromatography. n-Propanol- and n -butanol-water 
mixtures, with or without the addition of a thir 
component such as benzyl alcohol or formic aci , 
gave the best separations. 
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2. The esters were detected on the paper by an 
adaptation of the hy dr oxylamine -ferric chloride 
test for carboxylic esters, by the iodine method of 
Brante (1949), by the phosphotungstic acid- 
stannous chloride method of Chargaff fit al. (1948) 


OF CHOLINE ESTERS 

and, in the case of acetylcholine, by pharmacological 
assay. 

Wo are grateful to the Medical Research Council for a 
grant (V.P.W.) and the University of Ceylon for o travelling 
fellowship (S.W.)- 
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The Metabolism of -Labelled Bicarbonate in the Cat 

By H. L. KORNBERG, R. E. DAVIES and D. R. WOOD 
Medical Research Council Unit for Research in Cell Metabolism, Department of Biochemistry, 
and Department of Pharmacology and Therapeutics, The University, Sheffield 10 

{Received 12 September 1951) 


Studies on the metabolism of i«C-labelled urea in 
mice (Leifer, Roth & Hempelmaim, 1948; Skipper, 
Bennett et al. 1951) and cats (Komberg, Davies & 
Wood, 19516) have shown conclusively that urea 
is broken down in the mammalian body. Its rate of 
breakdovm in these experiments has been measured 
from the rate of expiration of the i'*C-labelled carbon 
dioxide produced. In order to interpret the results 
, of such studies on cats, it was necessary to have 
information on the rate of excretion from the blood 
of i‘‘C-labelled carbon dioxide, and on the rate of 
incorporation of into urea. The results of earlier 
studies on mice and rats injected with ^‘C-labelled bi- 
carbonate (Armstrong & Schubert, 1949; Armstrong 
& Zbarsky, 1949 ; Gould, Sinex, Rosenberg, Solomon 
& Hastings, 1949; Greenberg & Winnick, 1949; 
Schubert & Armstrong, 1949; Skipper, White & 
Bryan, 1949; Skipper, Nolan & Simpson, 1951; 
Skipper, Bennett et al. 1951) did not supply the 
required data, because of the great differences in 
body size bet^veen these animals and cats, and 
because the isotope in these experiments had been 
administered intraperitoneally. 

Experiments are described in w'hich ^^C-labelled 
sodium bicarbonate was injected intravenously into 
anaesthetized cats and the expired carbon dioxide 
continuously collected in a special respiration 
circuit. Bj'^ this technique, information was ob- 
tained on the rate of exqiiration of labelled carbon 
dioxide from ^^C-labelled bicarbonate, and on the 
existence of exchange mechanisms between blood 
and tissue carbon dioxide in the animal. The results 


of these studies are very similar to those obtained 
independently in hiunan subjects (Heilman, 1961). 
From determinations of blood urea and bicarbonate 
it was also possible to measure the rate of incorpora- 
tion of into urea synthesized during the experi- 
ment, and to confirm that the urea carbon is derived 
from carbon dioxide. 

Part of this work has been commvmicated to ithe 
Biochemical Society (Komberg, Davies & Wood, 

I95I0). 

EXPERIMENTAL 

Treatment of cats. A weighed cat was anaesthetized with 
ether followed by chloralose (75 mg./kg. body weight) and 
was placed on an operating table covered by a large stainless 
steel tray to avoid contamination of the laboratory. 
Cannulae were inserted into the trachea for collection of 
expired COj, into the right external jugular vein for ad- 
ministration of intravenous injections, and into the right 
femoral artery for collection of blood samples during the 
course of the experiment. Both ureters were tied off. The 
animal was then connected through its tracheal cannula to 
the respiration circuit schematically represented in Fig. 1. 

Respiration circuit. This system is so constructed that 
atmospheric pressure is maintained at the tracheal cannula, 
so, that there is no resistance to free respiration. This is 
achieved by the two aquarium pumps Pj blowing, and P, 
drawing air through the system at approximately 400 ml./ 

mm. Constancy of thepressure inside thecircuitis controlled 

by three leaks L and a rubber balloon B which acta as a gas 
reservou-, these being placed at points which do not at any 
time come into contact with Two soda-lime towers S 
remove atmospheric CO^ from the incoming air, which can 
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be freely inspired by the cat through a valve inserted in the 
tracheal cannula. The expired CO^ is absorbed in one or other 
of the two absorption trains orA^, only one of which is in 
circuit at any one time. They are changed by means of^tho 
two three-way taps T■^^ and To, and replaced by fresh ab- 
sorption trains at frequent known intervals. The air, now 
again COj-free, is passed down a water pump to avoid the 
possibility of accidentally contaminating the laboratory. 
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evolved was quantitatively absorbed in a slight excess of 
0-3N-NaOH, in the apparatus described below. The liquid 
was adjusted to pH 9-3 by careful addition of O-Oon-HCI, 
using thymolphthalein as internal indicator. This gave a 
solution which was sufficiently alkaline to retain its “COj 
content, but which could be safely injected into the cat. 
Samples (1 ml.) of solutions prepared as above, containing 
0-3~0-6 mg. carbon, and corresponding to 510000, 700000 




Fig. 1. Respiration circuit for absorption of expired “COj. Pj, Pj* aquarium pumps; L, leaks with screw-clips; R 
rubber balloon acting as gas reservoir; S, soda-lime towers; T^, T^, three-way taps; Aj^, A 2 , absorption trams 
(only A 2 is in circuit). 

Fig. 2, A, vacuum transfer imit; B, cap for small tubes; C, small tube for BalOH)^; D, side-bulb cup; E, long 
pipette fitted with rubber bulb, for removal of liquid from absorption units. 


The absorption trains, Ai and A^, consist of two all-glass 
units which are connected in series, and each of which con- 
tains 10 ml. approx. Oif-NaOH and S-A drops 0'76 % (w/v) 
egg albumin. This latter substance acts as a frothing agent 
and, by forming a layer of alkaline bubbles in the units, 
ensures complete absorption of the CO„. The efficiency of 
absorption is checked by a third tube containing 5 ml. 
saturated Ba(OH)o, which solution should, and in fact does, 
remain unclouded throughout the period of absorption. 

Preparation and injection of tahdled materials. NaH^^COg 
solutions were prepared from Ba^^COj. Samples (7-15 mg.) 
of Ba^^COj (equivalent to 50-100 pc.) were acidified with 
lactic acid (British Pharmacopoeia) in vacuo, and the 


and 1 020000 counts/min. respectively under our conditions 
of radio-assay (see later), were injected quantitatively in t e 
three experiments on HOO J metabolism to be described. 

Collection and analysis of samples 

Carbon dioxide. When the i^C-labelled material had been 
injected, the expired COg was continuously collected over 
the next 4-5 hr., any one absorption train being ° 
periods varying from 5 to 20 min. The NaOH- a. s 
solutions in the xuiits were then quantitatively trans err 
by means of long pipettes rvith a rubber bulb at one e 
(Fig. 2E) to ampoules which were immediately scale . 
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units were then washed, fresh NaOH and frothing agent 
introduced, and the trains reassembled for use later in the 
experiment. 

The liquid obtained from any one absorption train was 
made up to 50 ml. with water, and 1-2 ml. samples taken for 
analysis. AH analyses were carried out in an apparatus 
modified by Dardson from that of Barker (described by 
Kamen, 1948). These samples were pipetted into the main 
compartment of a side-bulb cup (Big. 2H) and approxi- 
mately 1 ml. lactic acid introduced into the side bulb by 
means of a bent Pasteur pipette. The side-bulb cup was 
attached to the transfer unit (Fig. 2 A), a small tube (Fig. 2 C) 
containing 3 ml. 0-22N-Ba(OH)2 and 2 drops thymol blue, 
being attached to the other end. The system was evacuated, 
the tap closed and the contents of the side bulb tipped into 
the main compartment. COj was rapidly evolved and 
rapidly absorbed in the BalOH),. Quantitative absorption 
was ensured by warming the side-bulb cup and transfer unit 
in the hand, the system being shaken continuously for 
6 min. whilst the small tube was cooled under running cold 
water. COj-fiee air was admitted into the system, and the 
small tube, which contained BaCOj, was detached and 
stoppered with a flat cap (Fig. 2B). The amount of CO. 
absorbed was determined by titration of the unneutralized 
Ba(OH)2 with 0-20 n-HC 1. The precipitate was washed twice 
with water and once with acetone in a centrifuge, suspended 
in acetone, and plated on weighed aluminium disks, as 
described later. 

At various times during the experiments, blood samples 
(1 ml.) were taken from the arterial cannula and received in 
stoppered tubes containing 0-2 ml. N-NaOH to prevent loss 
of COj. The tubes were stored at - 12“. When required for 
analysis, the frozen clotted samples were thawed, homo- 
genized with 1 ml. 1-7 N-NaOH and 4 ml. water, washed into 
measuring tubes with 1 ml. water and the volumes read. 
About half the liquid was measured into the main com- 
partment of a double-armed Warburg vessel, with 1 ml, 
Sii-acetate buS^er, pH 5'0, in one side arm and 0-8 ml. jack 
bean urease solution buffered to pH 5-0 (Da\des & Komberg, 
1951) in the other. The vessels were equilibrated at 25° and 
first the buffer was added from one side arm. The amount of 
gas evolved gave the ‘ total COj’ content of the sample. The 
‘total CO.’ content of any tissue was defined as the acid- 
volatUe CO., which included dissolved COj, H^COj, HCOJ , 
CO3 and carbamino compounds. As alkali had been added 
initially to all samples, the ‘ total COj’ at the time of analysis 
was present in the form of COJ" . 

When equilibrium had again been reached, the jack bean 
urease was added from the other side arm. The urea in the 
sample was hydrolysed, and an equivalent amount of COj 
evolved. These estimations were accurate to ±5 %. 

Another sample of the dilute blood homogenate, together 
with 1 ml. 0-1255t-Na.CO3 (containing 1-6 mg. C, added 
as carrier) was added to a side-bulb cup, and 1 ml. 
1*5 x-H.S 04 was pipetted into the side bulb. The side-bulb 
cup was attached to one end of a transfer unit, a tube 
containing 3 ml. 0-22N-Ba(OH). and 2 drops thymol blue 
attached to the other, the system evacuated and the cup 
contents mixed. The CO. evolved was assayed by the 
techniques described. The cup was detached, 2 ml. 0-125 si- 
Ka.COjandO-S ml. 3w-acetatebuffer,pH 5-0, were added to 
the contents and the sj-stem was evacuated. Any trace of 
radioactive C remaining in the system as bicarbonate had 
thus been diluted with 3 mg. non-radioactive C, which was 
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then driven off on evacuation. COj-frec air was admitted, 
0-5 ml. 1-0% (w/v) urea solution was added to the contents 
of the cup, and 1 ml. jack bean urease solution pipetted into 
the side bulb. The cup was attached to one end of another 
transfer unit, a tube containing Ba(OH). and thymol blue as 
above being attached to the other end. The system was 
evacuated and the cup contents mixed. 

After 2 hr. all the urea in the sample had been decom- 
posed, and the quantity and radioactivity of the ^“*00. 
evolved was determined. 

Tests showed that this procedure made it possible to 
determine independently highly active HCO3 and urea of 
low activity, present in the same sample of blood, without 
the results being vitiated by contamination. 

Samples (1 g.) of cat tissues were taken during the ex- 
periments, blotted to remove adherent blood, and stored in 
weighed tubes containing 5 ml. 2it-NaOH to retain all acid- 
volatile CO.. The tissues disintegrated on standing and were 
washed quantitatively into the main compartments of side- 
bulb cups with addition of 1 ml. 0*125 si-Ha.COa to act as a 
carrier. The tissue ‘ total COj’ was decomposed by addition in 
vacuo of lactic acid from the side bulb, and the *^C0. evolved 
was measured. 

Measurement of radioactivity 

The washed BaCOg samples were suspended in acetone, 
shaken vigorously in the small stoppered tubes, and poured 
into stainless-steel cylinders which fitted firmly into the 
circular grooves of weighed aluminium plates. Acetone 
leaked slowly past the junction of cylinder and plate, 
leaving the fine precipitates of BaCOj (20-30 mg.) deposited 
on the plates as uniform layers of area 3-8 sq.cm. The 
cylinders were covered and allowed to dry at room temper- 
ature overnight. When dry, the cylinders were removed, the 
plates weighed, and the radioactivity assayed rvith a thin 
mica-window Geiger-Muller counter, corrections having 
been made for background counts and for the dead-time of 
the system . At least 5000 counts were taken for each sample, 
giving a standard error of less than 1-5%. The efficiency of 
counting was frequently checked by counting a uranium 
standard. There was no detectable loss for at least 3 days in 
the activities of the samples, kept covered in Petri dishes, 
through exchange of their “C content with atmospheric CO2 . 

All counts were corrected to infinite thickness for self- 
absorptionintheBaCOahymeans of an experimentally deter- 
mined activity-saturation curve (of. Calvin, Heidelberger, 
Eeid, Jolbert & Yankwich, 1949), and the specific activities 
expressed as the corrected counts/min./mg. C. All analyses 
and counts were performed in duplicate and agreed to 
±3%. 

RESULTS 
Expiration of ^^CO. 

After intravenous injection of “C-labelled sodimn 
bicarbonate, the rate of expiration of ^''002 is 
initially very rapid, and corresponds to an ex- 
ponential equation with three components. The 
curves obtained in our experiments were foimd 
empirically to correspond within 2 % to the function 

(100 — P) = 28-4e“‘>-2M( ^ 4p. 50-0.02341 ^ 3o.2e"'>-‘>fii9i 
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where P is the percentage of injected left in the 
cat at t min. after the injection (Fig. 3). The tliree 
components therefore have half-lives of 2-85, 29-6 
and 582 min. respectively. In the first 30 min., 50 % 
of the injected is expired, the total output over 
the 5 lir. experiments being 79-81 %. 



Fig. 3. Expiration of after intravenous injection of 
NaHi^COj. 0-0, cat A, 1-83 kg.; #— #, cat B, 
1-55 kg.; X — X, cat C, 1-69 kg.; cun^e of 

(100-P) =28-4e-''-=«t +4i.6e-'>-0234 ( + 30.2e-«-oono ^^ijere 
P is the percentage of injected remaining in cat after 
t min. 

Semi-logarithmic plots of the specific activities of 
the expired against time (Fig. 4) give smooth 
curves. Analysis of the radioactivity of the blood 
‘total COj’ showed that the specific activities of 
expired 00^ and blood ‘total CO 2 ’ are identical at 
any time, and these curves thus also represent the 
change in the specific activities of blood ‘total COg’ 
with time. The three curves obtained in o\ir experi- 
ments cut the ordinate at specific activities of 
approx. 16 000, 16 000 and 28 000 cormts/min./mg. 
carbon respectively. As the blood volume of the cat 
is approx. 70 ml./kg. body weight, and as the 
amounts of bicarbonate injected were negligible, 
this corresponds in each case to a blood ‘total COg’ 
concentration of 24-27 imi. This is the ‘total COg’ 
content of blood (Krebs, 1950) and shows that only 
at zero time is the radioactive material present 
entirely in the blood. After 3 Irr. the rate of expira- 
tion of is nearly constant and is less than 2 % 
of the injected isotope/hr. The blood and various 
soft tissues, which were weighed, have low, slowly 
decreasing, activities in their ‘total COg’ at this time 
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(Table 1), and after 4 hr. together contain approx. 
1 % of the injected «C, i.e. approx. 5 % of the 
still remaining in the cat. The activity of bone is 
15-40 times that of any other tissue, and, since bone 



Kg. 4. Changes in specific activity of expired after 
intravenous injection of NaH^^COg. O — O, cat A, 
1-96 kg.; • — •, cat B; 1-55 kg.; x — x, cat C, 1-69 kg. 

forms approx. 18% of the body weight of the 
animal (Custor, 1873) over 6% of the injected 
i.e. over 30 % of the isotope stiU remaining in. the 
cat, is present in this tissue at this time. 

Table 1. Radioactivity of 'total COf of tissues after 
intravenous infection of NaH^^COs into a cat 

(Cat, 1-5 kg., received 1 x 10° counts/min. intravenously 


at time 0.) 

Time 

(min.) 


Tissue radioactivity 
(counts/g. wet wt.) 

— ^ 

Blood 

Jejimum 

Muscle 

Marrow 

Peniur 

32 

360 

143 

— 

— 

— 

58 

155 

84 

85 

— 

' — ' 

91 

82 

43 

— 

— 

* — 

120 

51 

28 

23 

— 

* — 

150 

30 

15 

— 

— 

' — 

182 

21 

11 

10 

— • 

' — 

240 

13 

6 

5 

11 

220 


Urea synthesis 

As the ureters of the experimental animals were 
tied at the start of each experiment, no *^C was los 
in the urine, and urea synthesis could be foUowe 
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both by the rise in the concentration and radio- 
activity of blood urea {Table 2) . The urea synthesized 
in the early stages of the experiihents is formed from 
CO 2 which is in equilibrium with blood bicarbonate 
of high specific activity, and the major part of the 
incorporation of into urea occurs in the first 
40 min., the blood urea by this time containing 
2-0% of the “C injected. After 5 hr. 3'1 % of the 
administered isotope was incorporated into urea. 

Table 2. Concentration and specific activity of blood 
urea after intravenous injection of Na^^HCOa 

(Cat I (1-56 kg.) received 6-1 x 10® eounts/min., cat 11 
(1'83 kg.) 7-0 X 10® eounts/min., at time 0. Ureters tied.) 


Time 

Blood-urea 

Specific 

activity 

Percentage of 
injected “C 

concentration 

(counts/min./ 

incorporated 

(mm.) (mg./lOO ml.) 

mg. carbon) 

in urea 

0 

31-0 

0-00 

0-00 

5 

31-0 

56-8 

0-80 

16 

32-3 

102 

1-50 

25 

32-6 

117 

1-74 

40 

35-5 

124 

2-00 

70 

36-0 

145 

2-37 

100 

36-5 

154 

2-56 

130 

42-0 

150 

2-67 

160 

40-0 

154 

2-80 

192 

44-0 

143 

2-87 

220 

47-5 

135 

2-91 

250 

47-7 

136 

2-96 

280 

50-1 

134 

3-06 

0 

62-6 

0-00 

0-00 

20 

65-0 

64-5 

1-64 

35 

70-0 

70-1 

1-92 

48 

68-2 

78-7 

2-10 

78 

69-7 

88-7 

2-42 

116 

70-6 

94-7 

2-62 

153 

77-5 

91-4 

2-77 

198 

77-7 

94-7 

2-88 

253 

80-0 

94-5 

2-96 

285 

84-0 

94-4 

3-10 


-he total quantity of urea carbon synthesized 
•ing the ej^eriments was obtained by multi- 
ing the rise in plasma urea-carbon concentration 
the ‘urea space ’ of the oat. The ‘urea space i.e. 
I total volume of water in which the urea of the 
iy IS dissolved, has been found to be 65 % of the 


body weight of the cat (Komberg et al. 19516). 
Table 3 shows that the ratio 

carbon incorporated into urea 
carbon incorporated into urea + carbon expired as COj 

was 0-037 or 0-038. Comparison of the distribution 
of radioactivity in urea and expired CO 2 show that 
the ratio 

i*C-urea synth. from labelled bicarbonate 
®®C-urea S 3 aith. from labelled bicarbonate expired 

was also 0-037 or 0-038. This means that within the 
experimental error of the average values (±2%) the 
urea carbon synthesized during the experiments 
must have been derived solely from carbon in 
equilibrium with blood bicarbonate, and confirms 
the results obtained in vitro by Grisolia & Cohen 
(1948), and in vivo by Mackenzie & du Vigneaud 
(1948), Sprinson (1949), and Armstrong & Zbarsky 
(1949). 

DISCUSSION 

Hate of expiration of ^^COj 

When ^^C-labelled sodium bicarbonate or carbonate 
is injected intraperitoneally into mice or rats, i®C is 
rapidly expired as ^^COj. Skipper et al. (1949), 
Skipper, Nolan etal. (1951), Skipper, Bennett et al. 
(1951) using mice, recovered 96 % of the injected 
dose in this form within 24 hr., 92-8 % having been 
expired within the first hour and over 60 % in the 
^t 10 min. The total elimination in rats is very 
similar to that in mice, recoveries of 93-98 % being 
recorded (Armstrong & Zbarsky, 1949; Gould et al 
1949; Greenberg & Winnick, 1949) but the rate of 
expu-ation is slightly lower, 50 % of the injected i®C 
appearing as ^COj in the first 18 min. (Gould et al. 
1949). The experiments described in the present 
paper show that in cats only 50% of the injected 
C IS expued m the first 30 min., and that the total 
metope expired in 5 hr. is 79-81 % of that injected. 

140 ^°^ output of 
CO 2 was less in cats than in mice and rats, even 

though the material was injected intravenously into 
the cats, m contrast to the intraperitoneal injections 


Table 3. The source of the carbon of urea 


Cat no. ... 

Body -srt. (kg.) 

Urea ‘space’ (ml.) 

Blood-urea concentration (mg./lOO ml )• 

At start ' ■ 

At end 

/m' “'■ea synthesized (mg. carbon) 

(I) CO 2 output (mg. 4rbon) 

1 (eounts/min.) 

] , 9 ^- ^^Pued (counts/min.) 

(A') + (B') 


l-5t 

1010 

31-0 

50-1 

44-0 

1120 


15 600 
411 000 


II 

1-83 

1190 

62-5 

84-0 

59-0 

1500 

0-038 

21 700 
547 000 ■ 

0-038 


23-2 
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with the smaller animals. The rate of excretion of 
after intravenous injection of labelled sodium 
bicarbonate can be formulated as an exponential 
equation with tlmee components ; at no time does it 
correspond to the first-order reaction described by 
Gould et al. (1949) after intraperitoneal injection of 
labelled bicarbonate into rats. 

The '' bicarbonate pool' 

The data of Gould et al. (1949) show that the 
specific activity of the expired ^‘'COo in their experi- 
ments falls at a imiform rate for the first 60 min., 
and that the initial specific activity obtained by 
extrapolation of the curve to zero time indicates a 
‘bicarbonate pool’ of 2m-moles/100 g. rat. As the 
total acid-volatUe CO 2 in the extracellular and intra- 
cellular fluid of an animal of this size amounts to 
only Im-mole, the authors stated that ‘the 0*^0, 
must have rapidly entered into mobile equilibrimn 
with Im-mole of COg elsewhere in the body. One 
possibility is rapid exchange with the COj of bone, 
and another is incorporation into dicarboxylic and 
tricarboxylic acids.’ This conclusion and the earlier 
one of Brues & Buchanan (1948) that the total mass 
of carbon in mobile equilibrium with COj in the 
body is greater than the total amoimt of COj and 
bicarbonate in solution, is confirmed by our present 
findings, which provide evidence for the existence 
of exchange mechanisms between blood and tissue 
‘total CO 2 ’. After injection of labelled bicarbonate, 
is taken up into the tissues at varying rates from 
blood bicarbonate of initially ver 5 ’- high radio- 
activity. The content of any tissue reaches a 
maximrun when the specific activities of blood and 
tissue ‘total CO 2 ’ become nearly equal. 

In these early stages of the experiments the 
distribution of amongst the blood and tissues will 
thus be in the order of their rates of CO 2 exchange. 
The ‘ fixed ’ isotope is released again into the blood at 
rates governed by many factors, such as the ‘ total 
CO 2 ’ content, diffusion constants, blood supply, and 
metabolic activity of the tissue. The concentration 
of ‘total CO 2 ’ in cat blood is approx. 25 inM and a 
2 kg. cat thus contains about 45 mg. carbon as acid- 
volatile CO 2 in its blood. Since, however, the rate of 
expiration of CO 2 is of the order of 90 mg. carbon/ 
15 min. an amoimt of carbon equivalent to the total 
amount m the blood is expired about every 7 min. 
This rapid removal through the lungs of from the 

blood will preferentially deplete of their isotope 
content those tissues with the lughest rates of 
exchange of CO 2 , so that after 4 hr. the distribution 
in the tissues of the still remaining in the cat is, 
in general, in inverse order of these exchange rates 
(Table 1, cf. Skipper, Nolan et al. 1951). Of the 
injected as labelled bicarbonate in the present 
experiments, after 4 hr. only about 1 % could be 
accounted for as the residual labelled bicarbonate of 
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the blood, muscles and viscera, but approx. 6 % 
was ‘fixed ’ in bone. This large amount of incorpora- 
tion is mainly due to the high ‘total COj’ content of 
bone. These facts present striking evidence for the 
occurrence of CO 2 exchange mechanisms in the body. 

Turther evidence is provided by the data on the 
expiration of ^^002 from the cat. As already stated, 
the graph of the percentage of injected “C expired 
against time is an exponential curve with three com- 
ponents (Fig. 3). These have half-lives of 2'85, 29-6 
and 582 min. respectively, and, though the detailed 
nature of the three components is uncertain, they 
show that the ‘bicarbonate pool’ is certainly not 
homogeneous. This conclusion is also indicated when 
attempts are made to calculate the ‘bicarbonate 
pool ’ of the cat by the procedure of Gould et al. 

( 1949) . The semi-logarithmic plot of specific activity 
against time (Fig. 4) is a smooth curve in each ex- 
periment, which at no time becomes linear. Attempts 
to calculate the ‘bicarbonate pool’ by dividing the 
remaining in the cat at any point bj'- the ^^C- 
bicarbonate concentration of the blood at that point 
give a steadily rising ‘pool’ which after some time 
exceeds the body iveight of the animal. The under- 
lying assumption of this procedure, that all the 
remaining in the cat at any time is rapidly miscible 
with, and has the same specific activity as, blood 
bicarbonate, must therefore be erroneous, and 
‘fixation’ of ^''C in some form not rapidly miscible 
with blood bicarbonate must therefore have 
occurred. This is supported by the fact that in the 
long-term experiments ivith mice and rats the total 
CO 2 ’ of bone and other tissues of low metabolic 
activity (cf. Skipper et al. 1 949 ; Skipper, Nolan d al. 
1951; Neuberger, Perrone & Slack, 1951) have 
specific activities much higher than that of blood. 

The synthesis of urea 

Recent studies on the breakdown of labelled urea 
in mice (Leifer et al. 1948; SIdpper, Bennett et al. 
1951) and cats (Davies & Kornberg, 1950 ; Komberg 
et al. 1951 b) have shown that urea is not a stable end 
product of nitrogen metabolism, but is broken 
in the body: after intravenous injection of re- 
labelled urea into cats, approx. 2 % of the isotope 
was expired in 5 Im. as r^C02. This slow evolution 0 
CO 2 from urea may be likened to the processes 
occiuring in a ‘pool ’ with a low rate of 
change, and the mechanisms of incorporation o 
into urea from i^C-labelled bicarbonate should thus 
be similar to those postulated above. After 5 hr., 
3-1 % of the r«C-labelled bicarbonate is present as 
urea carbon, but though the rate of urea synt le 
was uniform throughout the experiments (Ta 
50% of this incorporation occiured in the 
30 min. Most of this ‘fixation ’ of “Cthus tookpiac 
when the radioactivity of blood bicarbona J 
very high, the rate of release of ‘fixed G 
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governed by the rate of breakdown of urea. These 
facts thus fully support the views expressed above 
on the ‘fixation’ of >^^0 in other tissues of the body. 

It was first shown by Grisolia & Cohen (1948) in 
vitro and by Mackenzie & du Vigneaud (1948) in 
vivo that the specific activities of bicarbonate carbon 
and urea carbon are the same, and that the urea 
carbon is, within the experimental error, derived 
wholly from COj. The present findings (Table 3) 
confirm this view; this means that in our experi- 
ments with fasted cats less than 2 % of the urea 
synthesized was formed from precursors other than 
labelled bicarbonate, such as arginine derived from 
the diet or from protein breakdown. 

SIBEMARY 

1. Apparatus and techniques are described for 
in vivo studies of the metabolism of ^^C-labelled 
bicarbonate in the cat. 

2. The rate of expiration of after intra- 

venous injection of NaH^^COj is initially very rapid, 
50 % being expired in the first 30 min., the total 
expired in 5 hr. being 79-81 % of the injected 
The rate of expiration can be represented by an 
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exponential equation with three components of 
half-lives 2-85, 29-6 and 582 min. respectively. 

3. Of the injected, 3-1% was incorporated 
into urea in 6 hr., 50% of this incorporation 
occurring in the first 30 min. Within the experi- 
mental error ( + 2 %) all the tuea carbon synthesized 
was derived from carbon in rapid equilibrium with 
blood bicarbonate. 

4. After 4 Im. approximately 6 % of the injected 
was present in bone, the carbon of which ex- 
changes relatively slowly with blood bicarbonate. 
The blood, muscles and viscera contained approxi- 
mately 1 % of the isotope at that time. 

6. These results show that the bicarbonate pool 
is not homogeneous, but consists of several com- 
ponent C02-exchange mechanisms operating at 
widely differing rates. 
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advice on the preparation of solid samples for radio-assay, 
and Mr J. F. Scott for mathematical assistance. One of us 
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the Medical Research Council. 
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Studies on the Metabolism of Progesterone and 
Related Steroids in vitro 

2. FACTORS INFLUENCING THE METABOLISM OF PREGNANE-3a;20a-DIOL 
BY RAT-LIVER HOMOGENATES, AND THE ESD^ESTIGATION OF 
THE PRODUCTS OF METABOLISM 

By J. K. grant 

Dcparlrncnt of Biochemistry, University of Edinburgh 
(Received 11 October 1951) 


In the first paper of this series (Grant & Marrian, 
1950) experiments were described which showed 
that rat and rabbit liver preparations were able 
to metabolize pregnane-3a;20a-diol (pregnanediol) 
to unknown products in vitro. No metabolism 
occurred imder anaerobic conditions unless a 
hydrogen acceptor (methylene blue) was added. 
The metabolism was uninfluenced by cyanide, and 
the evidence was compatible with the view that the 
agent in liver responsible for the metabolism of 
pregnanediol was a dehydrogenase. The possibility 
that more than one enzyme was involved was not 
excluded. 

The work has now been extended with rat-liver 
homogenates, which have been employed in an 
investigation of factors influencing the metabolism 
of pregnanediol. The ultimate aim of these experi- 
ments was to obtain a system of optimum activity 
which could be used in an attempt to isolate pro- 
ducts of metabolism in a large scale experiment. 

It has been shown that the metabolism of preg- 
nanediol by liver homogenates is increased by 
coenzyme i. In attempts to obtain the product or 
products of metabolism in large scale experiments 
pregnan-3a-ol-20-one was isolated, but in amounts 
only sufficient to account for approximately 10 % of 
the metabolized pregnanediol. 

EXPERIMENTAL 
Materials and methods 

Riboflavin and aneurin pyrophosphate were obtained from 
Roche Products Ltd.; adenosinetriphosphoric acid (ATP) 
was a gift from Dr H. Bergel, glutathione from Dr A. P. 
MeUdejohn and adenosinemonophosphoric acid (AMP) from 
Dr I. D. E. Storey. Coenzyme i (Coi) was prepared in the 
laboratory by the method of Le Page (1949), and its purity 
as determined spectrophotometricaUy (Le Page, 1947) was 
71 %. The weights and concentrations of Co i referred to are 
calculated as pure material unless otherwise stated. Preg- 
nanediol dihemisuccinate (PDHS) was prepared as 
already described (Grant & Marrian, 1950). The difficulty 
previously experienced with PDHS tending to come out of 
solution was not foimd with later batches of this compound 


using the more concentrated phosphate buffer described 
below. 

The standard medium used tlmoughout this investigation 
was ns follows (final concentrations): Odldar-JlaC!, 
0'046 m-KC 1, 0-001 M-MgS 04 . 7 H 20 and 0-056M-potassium 
phosphate; pH 7-4. This medium, which will be referred to 
ns the ‘ saline ’, differs from the calcium-free phosphate saline 
of Krebs & Eggleston (1940) used liitherto in the higher 
concentration of phosphate buffer. This increase in concen- 
tration was found desirable to maintain the pH during incu- 
bation with the concentration of homogenate used. No 
significant difference in results was observed when Na+ in 
the saline was replaced by K+ in order to obtain a medium 
more truly representative of intracellular fluid. As altera- 
tion in the concentration of K+ appears to have a slightly 
adverse effect on the solubility of PDHS in saline, the 
Elrebs-Eggleston type saline was retained although it 
admittedly does not resemble the inorganic pattern of intra- 
cellular fluid. 

Homogenates were prepared from the livers of well fed 
female or male rats of the AVistar strain, approx. 1 year old. 
It was demonstrated in separate experiments (unpublished) 
that the sex of the animal did not influence the results. The 
rats were killed by dislocation of vertebrae in the neck. The 
livers were rapidly removed and chilled in crushed ice. 
After chopping rougldy -with scissors 3-5 g. liver were 
weighed into glass homogenizers (Potter & Elvehjem, 1936) 
standing in crushed ice, and ground with 6 ml. ice-cold water 
(unless otherwise stated) for approx. 1 min. with four 
passages of the pestle. The final homogenate was diluted to 
10 ml. and kept at 0° until pipetted into incubation flasks. 

The standard reaction mixture for ‘incubation’ experi- 
ments consisted of 2-5 ml. saline containing about I mg. 
pregnanediol as PDHS, and 1 ml. homogenate (giving a 
final concentration of 10% (wet wt./vol.) tissue). Unless 
otherwise stated, additions to this reaction mixture were 
made by weighing the substances concerned on a torsion 
balance, and adding the solid directly to the incubation 
flask. Freshly distilled pyruvic acid was diluted to siuta e 
concentration, and carefully neutralized before adding o 
the saline. , 

In the quantitative experiments the procedure alrea y 
described (Grant & Marrian, 1950) was followed. 
tions were in O 2 for 2 hr. at 37°. For ‘controls ^ 
reaction mixtures containing no PDHS were 
2-5 ml. PDHS saline and immediately worked up. ‘PlanK 
values were found to be invariably low and very eon 
sistent. They were therefore not determined as a rou me. 
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but •u’ere checked occasionally. A mean ‘blank value of 
0-025 mg. ‘apparent pregnanediol’ was used to correct the 
values found in ‘incubation’ and ‘control experiments. 

Decreased metabolism of 'pregnanediol observed 
ivlien using rat-liver homogenates 

The results of typical experiments using rat-liver 
homogenates are shown in Fig. 1 (bars A and B). 
The lower activity of liver homogenates in meta- 
bolizing pregnanediol will be evident from the fact 
that with these preparations over 80 % of the 
pregnanediol originally present was recovered, as 



Pregnanediol recovered (%) 

Fig. 1. Incubation of rat-liver homogenate with PDHS. 
Eeaction mixture [BM) =about 1-6 mg. PDHS in 2-5 ml. 
saline + 1 ml. homogenate. Pregnanediol recovered, A, 
from ‘controls’; after incubation of the following: B, 
BM; 0, iJilf -P8 X 10“’M-nicotinamide; D, BM using 
homogenate pre-incubated 0-5 hr. ; E, BM using homo- 
genate pre-incubated 0-5 hr. uith added nicotinamide 
(final concn. 8 x 10 "’m); F, as E but nicotinamide added 
to homogenate after 0-5 hr. pre-incubation without 
nicotinamide. 

In all figures two lines at ends of bars indicate 
two values, single lines duplicates. 

compared with the recovery of only . 50-60 % 
pregnanediol incubated under the same conditions 
with rat-liver slices (Grant & Marrian, 1950). A 
sunilar loss of activity on mincing liver has been 
observed in metabolic studies with oestrogens 
(Coppodge, Segaloff & Sarrett, 1950) and with testo- 
sterone (Sweat & Samuels, 1948), and has been 
attributed by these workers to the rapid destruction 
of Co I in preparations of broken cells from liver and 
other organs (Mami & Quastel, 1941). The pH of 7-4 
used in the various liver-steroid metabolism experi- 
ments reported by others and used in the present 
investigation is close to the maxima of 7-2 (Spaulding 


& Graham, 1947) and 7-5 (Handler & IClein, 1942) 
which have been reported for the nucleosidase 
concerned in the destruction of Coi. This de- 
struction is, however, inhibited by nicotinamide 
(Mann & Quastel, 1941; Handler & Klem, 1942). 

Effect of preparing homogenates in nicotinamide. 
As it seemed likely that the reduced activity of rat- 
liver homogenates could be accounted for by the 
destruction of Coi in the homogenate, attempts 
were made to protect the Coi originally present in 
the liver by adding nicotinamide. Homogenates 
were prepared for eaeh experiment from a single rat 
liver as follows : (o) in saline ; (6) in saline containing 
nicotinamide sufficient to provide a concentration of 
0-2 % in the final reaction mixture ; (c) a portion of 
homogenate {a) was incubated 0-5 hr. at 37“^, solid 
nicotinamide was then added to provide a final con- 
centration of 0-2% (w/v) before use in PDHS 
experiments; (d) a portion of homogenate (b) was 
also incubated 0-5 hr. at 37“’ before use in the PDHS , 
experiments. The results of experunents with these 
homogenates are shown in Fig. 1. It may be ob- 
served that there is an increase in metabolism of 
pregnanediol when using homogenates prepared in 
nicotinamide (bar C). Nicotinamide itself is not 
responsible for this increase since it has no effect 
when added to the homogenates winch have been 
pre-incubated for 0-5 hr. (bar F). Homogenates 
which have been prepared in nicotinamide retain 
their higher activity on 0-5 hr. pre-incubation 
(bar E) supporting the view that the nicotinamide 
'protects the Coi originally present. The observation 
that 0-5 hr. pre-incubation of homogenates pre- 
pared -without nicotinamide did not further de- 
crease their activity in metabolizing pregnanediol 
(bar D) may find an explanation in the very rapid 
destruction of Co i, possibly before the pre -incubation 
started. Alternatively, if several pathways exist for 
the metabolism of pregnanediol by liver preparations 
and one or more is not Coi sensitive, it is conceiv- 
able that a limited direction of pregnanediol into 
such routes might mask the loss of activity due to 
decreasing concentration of Coi. 

Effect of added Coi. The effect of various concen- 
trations of added Coi on the metabolism of preg- 
nanediol by rat-liver homogenates prepared in 
nicotinamide solution is shown in Fig. 2 . From these 
results it appeared that rather high concentrations 
of Coi would be required to obtain the 50 % meta- 
bolism previously observed with liver slices. This 
might be due to stimulation of metabolism by an 
impurity in the Coi preparation, rather than by the 
Coi itself. Alternatively, the concentration of 
nicotmamide used may have been inadequate to 
protect the added Coi. AMP is the chief impurity in 
the Coi preparation (Le Page, 1949), but when this 
^bstance in concentration of 4 x10-3m replaced 
Coi m the reaction mixture it had no effect on the 
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activity of the homogenate in metabolizing preg- 
nanediol. In order to investigate the second possi- 
bility varying quantities of nicotinamide -were 



Pregnanediol recovered (%) 


Pig. 2. Incubation of rat-liver homogenate rvith PDHS; 
■ influence of Col on pregnanediol metabolism. Reaction 
mixture {BM) =about 1-6 mg. PDHS in 2-5 ml. saline -t 
1ml. homogenate -f 8 xlO“®M-nicotinamide. Pregnane- 
diol recovered is shown as follows : A, from ‘ controls’; B, 
after incubation of BM; after incubation of BM with 
Coi; C, 7 X 10-«M-Coi; D, 1-3 x IQ-^M-Coi; E,2x 10-3m- 
Coi; F, 2-6 X 10~^M-Coi; G, 3-2 x lO'^M-Coi. 



Pregnanediol recovered (%) 

Fig. 3. Incubation of rat-liver homogenate with PDHS; 
protection of added Coi by nicotinamide. Reaction 
mixture [BM) =about 1-6 mg. PDHS in 2-5 ml. saline -t 
1 ml. homogenate. Pregnanediol recovered is shown as 
follows; A, from ‘controls’; after incubation of the 
following; B, BM; C, BM -1-8 x 10~^M-nicotinamide; D, 
BM -tS X lO-^M-nicotinamide -t 1-5 x lO'^M-Coi; E, BM 
-t4 X 10“"3i-nicotinamide-f 1-5 X 10~^3r-Coi; F, BM + 
8 xl0''-3i-nicotinamide-tl'5 xlO~2jl-Col;(?,iJJlf-hO-12M- 
nicotinamide-rl-5 X 10“®3i-Coi; E, J?ilf + 8 x 10 ~-m- 
nicotinamide; J, BM without homogenate -P 8 x 10~-3l- 
nicotinamide + 1-5 x 10“^li-Coi. 

added to the standard reaction mixture. I^Tien re- 
quired, Coi was added (after the nicotinamide) to 
give a final concentration of 1-5 x 10 ~®m. It may be 
seen from the results shown in Fig. 3 that an 
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optimum effect was obtained using 1-5 x 10'® ji- 
Coi and 8 x lO'^M-nicotinamide (bar F). 

This amount of nicotinamide had no significant 
effect in the absence of Coi (bar H). Incubation of 
PDHS with Coi and nicotinamide without liver 
homogenate did not result in any disappearance of 
pregnanediol (bai J). 

Effect of other added substances. The following 
substances were tested individually in the standard 
reaction mixture containing 1*6 x 10“®M-nicotin- 
amide and were fotmd to be without effect on 
the metabolism of pregnanediol-ascorbic acid 
(7 X I0-®m), glutathione (3 x10“®m), coearboxyl- 
ase (SxIO'^m), riboflavin (4 x10~^m), pyruvate 
(10~®M), citrate (IO'^m), glucose (2x 10 “®m), ATP 

(10-®M). 

The addition of 0'025M-semicarbazide in an 
attempt to trap ketonic metabolic products was also 
without effect. 

Investigation of the products of metabolism 

Experiments on a larger scale were arranged to 
■ permit the attempts to isolate the product or pro- 
ducts of metabolism of pregnanediol by rat-liver 
homogenates. 

For this purpose pregnanediol was purified before con- 
version to PDHS by recrystallization from benzene and 
ethanol yielding a product which melted at 237-238°. (All 
melting points are corrected, and unless othenvise stated 
were determined on a Kofler-type apparatus; Klyne & 
Rankeillor, 1947.) The PDHS prepared in the usual way 
(Grant & Marrian, 1960) from this pregnanediol melted at 
147-148°. (Found (material dried at 80° for 1 hr. in vacuo 
over P.O5): C, 67-1; H, 8-5. Calc, for C^gH^Os: C, 67-2; 
H,8-5%.) 

The rat-Kver homogenates were prepared in small batches 
in chilled glass homogenizers as described above. The 
Atomix Blender, with high-speed rotating blades, was not 
used for the preparation of the larger quantities of homo- 
genate required since its use results in excessive frothing, the 
temperature is difficult to control and it has been reported 
by Stem & Bird (1949) and Lambden (1950) that the similar 
Waring Blendor is capable of inactivating certain enzymes. 

The large scale experiment was conducted in five parts, 
a total of 500 mg. pregnanediol as PDHS being incubated 
with rat-liver homogenate. 

The following is a description of a typical experiment. 
PDHS (163 mg. containing 100 mg. pregnanediol) was 
dissolved in 245 ml. saline containing 3-5 g. nicotinamide and 
0-5 g. Coi. After checking that the pH was 7-4 the solution 
was diluted to 250 ml. Two 2-5 ml. volumes were removed 
for pregnanediol analyses, the remainder was cooled in ice 
and water. • 

Fresh rat liver (70 g.) was minced roughly with scissors, 
mixed and divided into two parts. One part was homo- 
genized at 0° in seven 5 g. portions with seven 15 ml. 
volumes of the chiUed PDHS saline. These homogenate 
reaction mixtures were pooled, thoroughly mixed with the 
bulk of the PDHS saline and distributed in ten 100 ml. 
conical flasks. The flasks were filled with Oj, stoppered, and 
shaken in a bath for 2 hr. at 37°. 
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The remaining 35 g. liver were treated in an identical 
fashion using saline which contained no PDHS and no Coi 
to provide a liver control experiment. 

After incubation, the contents of the flasks were pooled, 
diluted to 300 ml. and two 3-0 ml. volumes were removed for 
pregnanediol analyses. The bulk of the mixture was poured 
into 1500 ml. cold dry acetone, thoroughly mixed in an 
Atomix Blender and filtered. The filter cake was washed with 
two 250 ml. volumes of acetone using the blender for 
efficient mixing. The filtrate was distilled under reduced 
pressure until the volume was 190 ml. The pH was found to 
be 7-0. This aqueous residue was transferred to large con- 
tinuous liquid/liquid extractors with 50 ml. hot ethanol and 


and 47 %. These figures indicate the extent of metabolism in 
each experiment. 

The purity of the pregnanediol used in these experiments 
was checked in a pregnanediol control experiment as 
follows: 70 g. rat liver were homogenized and incubated in 
saline rvithout PDHS, and an ether-soluble neutral fraction 
was prepared from the incubated material as already de- 
scribed. 200 mg. pregnanediol were then added and the 
mixture was subjected to the Girard separations and other 
procedures applied in the PDHS experiments. 

The pooled ketonic and non-ketonio fractions from aU 
experiments were brown gums. The weights of the various 
fractions are shown in Table 1. 


Table 1. Weights of non-ketonic and ketonic fractions isolated from 
large scale rat-liver homogenate experiments 


Liver 

incubated 

(g-) 

PDHS experiment 175 

Liver control 175 

Pregnanediol control 70 

extracted with ether (250 ml.) for 6 hr. adding 10 ml. 
ethanol to the aqueous phase after 2 and 4 hr. The pale- 
yellow ether extracts were washed twice with^ 50 ml. 
volumes 0-1 n-HCI, with 50 ml. 5 % (w/v) NaHCOj and finally 
with 2 X 50 ml. water. Emulsions formed during the 
early washings were broken by the addition of solid NaCl. 
The ether was evaporated to give 1-3 g. dark-brown gum in 
the PDHS experiment and 1-0 g. in the liver control 
experiment. Little significance was attached to these 
weights, since the gums appeared to retain solvent which 
was lost slowly in the vacuum desiccator. For the separation 
of ketonic material the ether-soluble neutral fractions, dried 
in a vacuum desiccator over CaClj for 24 hr., were heated 
under reflux condenser for 1 hr. on a boiling- water bath with 

0- 5 g. Girard’s Keagent T (Girard & Sandulesco, 1936), 

1- 5 g. glacial acetic acid and 10 ml. 95% ethanol. After 
cooling, 88 ml. water, 30 g. crushed ice and 11-5 ml. 2 n- 
NaOH were added and the whole was extracted with 100 ml. 
and three 50 ml. volumes of ether. Troublesome emulsions 
usually formed during this extraction. The combined ether 
extracts were washed with 25 ml. 5 % NaHCOj and twice 
with 25 ml. water. A small amount of white solid which 
separated at the interface between ether and water during 
the washing was added to the ether phase. The washed ether 
was taken to dryness (non-ketonio fraction). 16 ml. cone. 
HCl were added to the ether-washed aqueous phase to 
hydrolyse Girard complexes. After standing overnight 
ketones were extracted with 100 ml. and three 50 ml. 
volumes of ether. The combined ether extracts were washed 
and evaporated as before to give the ketonic fraction. 

On account of the troublesome emulsions formed during 
extraction of the non-ketonio fraction in all experiments it 
was thought that this fraction was likely to have retained 
ketonic material. It was therefore subjected to a second 
Girard separation in each case. Ketonic and non-ketonic 
fractions were subsequently pooled for further examina- 
tion. 

The quantities of pregnanediol recovered after incubation 
in the five experiments, calculated as percentages of the 
amount of pregnanediol originally present, were 44, 48, 49, 59 


Fractions isolated 


Pregnanediol , * 

incubated Non-ketonio Ketonic 

(g-) (g-) (g-) 

0-5 4-175 0-208 

0 3-760 0-132 

0-2 0-964 0-074 


Each ketonic fraction was subjected to one further 
Girard separation yielding final ketonic fractions as follows; 
PDHS experiment, 57 mg. ; liver control experiment, 
13 mg.; pregnanediol control experiment, 12 mg. 

Prc5rnan-3a-oL20-one from the ketonic products of 
metabolism of pregnanediol by rat-liver homogenates 

The final ketonic fraction in each case was dissolved in 
10 ml. hexane and poured on to a column of 6 mm. diameter 
packed with 1 g. AljOj (Peter Spence and Co., Widnes, 
Type H, dried in vacuo at 100°, Activity 11 (Brockmann & 
Schodder, 1941)). The columns were eluted successively with 
four or five 10 ml. portions of each of the following an- 
hydrous solvents : hexane, benzene, ether and acetone. 

In the case of the ketonic fraction isolated from the PDHS 
experiment crystalline residues were obtained by evapora- 
tion of the benzene eluates (26 mg.). No orystaUine material 
was obtained in the case of the liver control or preg- 
nanediol control experiments. 

An unsuccessful attempt was made to prepare a solid semi- 
carbazone derivative from the gum (9 mg.) eluted by hexane 
in the case of the PDHS experiment. 

The crystalline material from the benzene eluates (PDHS 
experiment) dissolved in 10 ml. hexane leaving a small 
amount of insoluble gum. The hexane solution was poured 
on to a column of AljOj prepared as already described, and 
the column was eluted successively with four 10 ml. portions 
of hexane, twenty-two 10 ml. portions of benzene, six 
10 ml. portions of 3 : 1 benzene : ether and, finally, six 10 ml. 
portions of ether. Evaporation of the benzene eluates gave 
21-0 mg. white crystalline solid which melted at 148-150°. 

After recrystallization from hexane and drying at 80°for 
24 hr. in vacuo over PjOj the substance melted at 148-149°. 
IMixed with authentic pregnan-3a-ol-20-one (m.p. 147-149°) 
the melting point was 147-148°. [a]y°= -t-103-6°±0-5 in 
ethanol (c =0-965). Marrian & Gough (1946) reported 
1“]^ = + 107° in ethanol for authentic pregnan-3a-ol-20- 
one. 

By treatment with semicarhazide hydrochloride and 
sodium acetate for 3 days at room temperature in aqueous 
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ethanolic solution, a product was obtained which after one 
crystallization from absolute ethanol and one from 80% 
(v/v) aqueous ethanol melted at 249-251°; mixed with 
authentic pregnan-3a-ol-20-one semicarbazone (m.p. 248- 
250°) the melting point was 249-250°. 

Investigation of non-ketonic fractions 

Hexane-insoluble material was prepared from non- 
ketonio fractions by repeated leaching with boiling hexane 
and cliiUing the leachings for several hours in the refrigerator. 
In this way the non-ketonic fraction from the PDHS 
experiment and from the pregnanediol control experiment 
gave material which after recrystaUization was identified as 
pregnane-3a:20a-diol. Crystalline pregnanediol (62 mg.) 
was obtained from the former experiment, 42 mg. from the 
latter. Ho hexane-insoluble material was obtained from the 
liver control experiment. 

Hexane-soluble material in each experiment was dissolved 
in 50 ml. hexane and poured on to columns of 25 mm. 
diameter packed with 50 g. AljOa. The colmnns were eluted 
successively with the following solvents ; hexane, benzene, 
ether, acetone, ethanol and methanol. Cholesterol was 
isolated and identified from the acetone eluates from all 
experiments. The gums remaining after evaporation of the 
other solvents resisted all attempts at crystallization. 

Thus no crystalline material except pregnanediol and 
cholesterol was obtained from the non-ketonic fractions. 

DISCUSSION 

The evidence presented in this paper shows that 
Co I is required by the enzyme system or systems 
involved in the in vitro metabolism of pregnanediol 
by rat liver. 

In the investigation of the products of meta- 
bolism approximately half of the pregnanediol incu- 
bated with the liver was metabolized in some way. 
Evidence was presented in a previous paper (Grant 
& Marrian, 1950) to show that the pregnanediol 
which disappears cannot be accounted for by the 
formation of conjugated substances, nor can the 
pregnanediol which disappears be accounted for by 
absorption on the relatively large weight of liver 
tissue, since the treatment with potassium hydr- 
oxide at 100° before extraction of the pregnanediol 
dissolves the tissue in addition to hydrolysing any 
unchanged dihemisuccinate, and added preg- 
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nanediol has always been recovered in good yield 
from these experiments carried out in nitrogen in 
place of oxygen. In the experiments now reported a 
little over 10 % of the pregnanediolmetaboUzedwas 
accoimted for as crystalline ketonic material, which 
appeared to consist mainly of pregnan-3a-ol-20-one. 
No evidence was obtained regarding the fate of the 
main part of the pregnanediol wliich disappeared. 

Sweat, Samuels &Lumry (1960) have prepared an 
enzyme from steer liver which catalyses the oxida- 
tion of testosterone to androst-4-ene-3;17 -dione. Coi 
was foimd to be necessary as a hydrogen acceptor in 
the system but marked reduction of the cytoclrrome c 
concentrations of the preparation did not affect its 
activity. The presence of this enzyme in the livers 
of a variety of species, including the rat, has also 
been demonstrated (Samuels, Sweat, Levedalil, 
Pottner & Helmreich, T950). The possibility that 
the same enzyme may be involved in the oxidation 
of pregnane-3a:20a-diol to pregnan-3a-ol-20-one 
cannot be excluded, since Samuels and his co- 
workers have not investigated the effect of their 
enzyme on 20-hydroxy steroids (Samuels, 1951). 
Both the ‘testosterone’ and the ‘pregnanediol’ 
enzyme require Coi, and both appear to be capable 
of functioning in systems independent of cyto- 
clirome c. 

SUaEMABY 

1, It has been shown that coenzyme i is required 
by an enzyme system or systems in rat-liver homo- 
genates, which are able to metabolize pregnane- 
3a: 20a-diol. 

2. In a large scale experiment 50 % of the preg- 
nane-3a;20a-diol incubated with rat-liver homo- 
genate was metabolized. Of this amount 10 % was 
recovered as crystalline pregnan-3a-ol-20-one. No 
other crystalline products of the metabolism of 
pregnanediol were obtained. 

The author is indebted to Prof. 6. F. Marrian, F.B.S., for 
constant interest and advice in this work; to Dr J. V<- 
Minnis for micro-analyses and to Mrs S. M. Atherden for 
skilled technical assistance. The expenses of this work were 
largely defrayed out of a grant from the Medical Research 
Council to Prof. Marrian. 
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During an investigation into the toxic properties of 
3:6-dinitro-o-oresol (DNOC) and 2:4-dinitrophenol 
(DNP) the breakdown of these substances by animal 
tissues in vitro was studied. Duutrophenol and di- 
nitro-o-cresol have been studied as mbibitors of 
phosphorylation in various enzyme systems and 
have been shown to affect the metabolism of tissues 
in vitro, but little has been reported of the effect of 
such systems on the dinitrophenol molecule. There 
is some information on the metabolic products of 
dinitrophenol by Magne, Mayer & Plantefol (1932) 
who state that the excretion products in the urine 
after administration of dinitrophenol to man and 
dogs were unchanged dinitrophenol and 2-ammo- 
4-nitrophenol. Later, Grevdle & Stem(1935) demon- 
strated that 2-amino-4-nitrophenol was the main 
product after dinitrophenol had been in contact 
with a bacterial succinic dehydrogenase system. 

The present studies were undertaken in order to 
ascertain the possible metabolic products of DNP 
and DNOC, and the organs mainly responsible for 
the metabolic change. As three of the amino 
derivatives of dinitrophenol were readily obtained, 
most of the following experiments were done with 
this compound in preference to DNOC. 

EXPERIMENTAL 

Preparations. Rats were killed by a blow on the head and 
immediately aftenvards their throats were cut and the 
bodies bled out. 

lAver homogenate. The tissue was removed, weighed and 
homogenized in 15 ml. of 0-06M-phosphate buffer, pH 7-4, 
for 1 min. Phosphate buffer was then added to make the 
final proportions of 3 parts of buffer to 1 part of tissue. 
Unless otherwise stated the homogenate was used at once. 

Liver extracts. These were made by grinding a known weight 
of liver with washed sand and phosphate buffer in a pestle and 
mortar. After centrifugation, the supernatant was removed 
and used in volumes equivalent to 2-5 g. of homogenized 
liver. 

Liver brei. This was prepared by mincing liver in a 
domestic mincing machine. 

Acetone-dried liver. This was prepared by homogenizing 
25 g. liver in 100 ml. of ice-cold acetone. The mixture was 
centrifuged and the supernatant discarded. The residue was 
resuspended in 100 ml. cold acetone and recentrifuged. The 
solid residue was washed with 100 ml. cold ether. After 


centrifuging, the solid residue was spread to dry on filter 
paper. The dried powder was used at once. 

Pieces of whole liver (approximately 0-5 g.) were freeze- 
dried in small bottles in a centrifugal freeze-dryer. 

Homogenate experiments. Por the study of the enzymic 
process, 8 ml. of homogenate were measured into a test tube. 
Inhibitors or activators also prepared in buffer solution were 
added at this stage. To this was added 4 ml. of dinitrophenol 
0-5 mg./ml. prepared in buffer solution, pH 7-4. Finally, the 
volume was made up to 20 ml. •ndth buffer solution giving a 
final concentration of dinitrophenol of 5-4 x 10 “'‘m. The 
contents of the tube were mixed by shaking and the tube 
placed in a water bath at 37°. A control tube was prepared 
each time containing the same concentration of dinitro- 
phenol and inhibitor or activator in a total volume of 20 ml. 
of buffer solution. At intervals of 0-5 hr., 0-5 ml. samples 
were removed with a Krogh-Keys syringe pipette and 
analysed for dinitrophenol or aminonitrophenol according 
to the requirements of the experiment. The buffer solution, 
pH 7-4, was 0-06ii-phosphate containing 7>:10““ii- 
succinate. 

Determination of DNP. Dinitrophenol was estimated by 
the method based on extraction of the alkali salt with methyl 
ethyl ketone followed by colorimetry (Parker, 1949). 

Determination of aminonitrophenols. The proteins of 
0-5 ml. homogenate were precipitated by the addition of 
I ml. 15% (w/v) trichloroacetic acid. The mi.xture was centri- 
fuged, 1 ml. supernatant was mixed with 2 ml. water and 
I ml. 5 n-HCI. The solution was then cooled in ice water and 
placed in a dark cabinet. This was necessary because it was 
found that the diazonium compounds in solution were de- 
composed by daylight. Diazotization was carried out by the 
addition of O-Sml. 0-2% NaNO^ solution, mixing and 
leaving in the dark for 10 min. Excess HNOjWasremovedby 
addition of 1 ml. 1 % ammonium sulphamate solution. 
After a further 10 min. the diazonium compound was 
coupled with 2 ml. 0-5% A’^-l-naphthylethylenediamine 
prepared in 3 N-HCl. The tube was placed in a water bath 
at 37° and the colour developed for 30 min. At the end of 
this time, the optical density of the solution was measured at 
550 mp. on a Unioam D.G. spectrophotometer. Standard 
curves were prepared from the two isomeric aminonitro- 
phenols. 


homogenates. Liver homogenate (50 g.) was prepared as 
above. DNP concentration used was lOOfig. DNP/ml. 
•Mterincubationfor 1 hr. at 37° the reaction was stopped and 
the protein precipitated by 15 % trichloroacetic acid, cooled 
and centrifuged. The supernatant liquor was made just 
alkahne with NHjOH and then j ust acid to litmus paper with 
acetic acid. The solution was then extracted three times with 
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redistilled ether. The combined ether extracts were dried and 
evaporated to dryness. The brownish residue was dissolved 
in a small amount of ethanol ( 1-2 ml.). 

Chromatography. A chromatograph column was prepared 
in an all-glass apparatus using a sludge of ethanol and 
alumina (P. Spence and Sons Ltd. 778-780 Salisbury House, 
London, E.C. 2. Activated alumina. Type H). The ethanolic 
extract of liver homogenate was placed on the top of the 
column and the chromatogram developed with ethanol 
containing a little HH 3 (approximately 0T5 n). The rate of 
development was increased by the application of a small 
positive pressure to the top of the column. As a rule, three 
hands were seen moving separately down the column. The 
last band was eluted by changing the composition of the 
developing fluid to one of 90% ethanol containing 0-15 n- 
NH 3 . Each component was collected separately as it 
appeared. 

Paper-partition chromatography. A pencil hne was drawn 
across a strip of Whatman filter paper no. 3 (25 x 3-5 cm.) at 
a distance of 4 cm. from one end, a second pencil line at 
15-0 cm. from the first. A small quantity (10-30 pi.) of the 
ethanolic extract of liver homogenate was placed on the 
lower line and dried. With each chromatogram of the 
unknown substance a control was run consisting of a mixture 
of DNP and the isomeric amino compounds. A spot of this 
mixture was placed on the line on one side of the ‘ unknown ’ 
spot. The strip was suspended in a gas jar so that the end of 
the paper nearest to the spots of solutions was just dipping 
into the developing fluid. The gas jar was filled with N 2 by 
displacement of air and closed with a greased lid and de- 
velopment of the chromatogram allowed to take place by 
upward capillary attraction until the liquid front reached 
the second pencil line. At this stage the paper was removed 
and allowed to dry in the air. The developing fluid consisted 
of 20% benzene, 20% pentanol, 40% ethanol and 20% 
ammonia solution (sp.gr. 0-880). All percentages were v/v. 

Spectroscopy. Some of the solutions obtained by chro- 
matography were examined for ultraviolet absorption in the 
Unicam Quartz S.P. 500 spectrophotometer. The absorption 
curves were determined from 250 to 400 m^i. at a sUt width 
of 0-1 mm. 

All but two of the following experiments took place in 
buffered solutions at pH 7-4. The conditions for the two 
exceptions are mentioned in the text. 


RESULTS 

Characteristics of the enzyme preparation. The 
activity of the homogenates, measured as pg. DNP 
destroyed per ml. of solution in 1 hr. was at a maxi- 
mmn when the liver was prepared in phosphate 
buffers at pH values of 7- 0-7 -5. 

The optimum temperature was approximately 
37°. Heating the homogenate to 100° resulted in 
complete loss of activity, whilst maintaining the 
preparation at 60° for 10 min. resulted in a decrease 
in activity by 70%. There was no destruction of 
DNP -when the homogenate was kept at 0°. 

The activitj’- of the preparation depended upon 
the length of time taken to homogenize the liver and 
upon the age of the homogenate. Preparations 
homogenized for periods of time varying from 


30 sec. to 6 min. exhibited varying degrees of 
activity, the most active preparation being that 
which had been homogenized for 1 min. Experi- 
ments also showed that the homogenate was most 
active if used immediately after preparation. Left 
for periods of up to 2 hr. at 37° the homogenates lost 
20 % of their activity. From 2 to 4 hr. there was 
little further loss in activity. 

Michaelis constant, and effect of enzyme con- 
centration. In order to determine the Michaelis 
constant for the reaction, it was necessary to 
remove samples from the homogenate at intervals 
of 5 min. The reciprocals of the amoimt of DNP 
destroyed in 5 min. (1/v) were plotted against the 
reciprocals of the concentration ( 1 /c) as suggested by 
Lineweaver & Burk (1934). The hCchaelis constant 
was derived from the slope of the line, , and it 

was found to be 8-5 x 10 ~®m-DNP (Fig. 1 ). 



^ jv, reciprocal of velocity of reduction 
Fig. 1. Effect of DNP concentration within the range of 
6-4 X 10-® to 5-4 X lO-^M on the amount of DNP destroyed 
by liver homogenates, v =moles DNP destroyed in 5 min. 


Fig. 2 shows the result of varying the concentra- 
tion of the homogenate. There is a linear relationship 
between the amount of enzyme present and the 
amount of DNP destroyed when not more than 
80 % of DNP is destroyed. 

Comparison of homogenates with other preparations.^ 
\^dien the activities of liver extract and liver brei 
w^ 6 r 0 compar©ci with, tho activity of an cquivalsn 
quantity of liver homogenate it was found that 
under identical conditions there was no difference 
between the three forms of preparations. In other 
experiments, acetone-dried liver and freeze-dne 
liver were compared with homogenates. Acetone- 
iried liver powder equivalent to 4 g. of fresh liver 
destroyed only 30% of DNP (initml cmcn. 
5-4 X 10“^m) in 1 hr. compared with 60 % 01 Ui- 
destroyed by 2-6 g. of homogenized liver in the 
time. Whole liver freeze-dried had approxima e y 
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90 % of the activity of homogenized liver. Freeze- 
dried liver retained its initial activity in a refriger- 
ator for two weelis. 



Fig. 2. Effect of enzyme concentration on amount of DNP 
destroyed. Enzyme concentration is expressed as ml. of 
liver homogenate in range of 2-9 ml. (15 g. liver homo- 
genized and made up to a final volume of 60 ml.). Each 
solution analysed after 1 hr. at 37°. Initial DNP concen- 
tration 54 X 10~*M. 


opalescent supernatant fluid after centrifuging, but 
is lost by filtration. 

Effect of enzyme inhibitors. The following com- 
pounds were examined for their effect on the activity 
of liver homogenates: potassium cyanide, p-chloro- 
mercuribenzoic acid (CMBA), iodoacetic acid, 
sodium pyrophosphate, sodium azide and sodium 
malonate. Table 2 shows that only cyanide in- 
hibited the destruction of dinitrophenol. 

Table 2. Effect of inhibitors on destruction of DNP 

(For each test, 2-5 g. of liver were homogenized in 15 ml. 
of phosphate buffer, and 1 ml. of inhibitor added. After 
incubation at 37° for 30 min., DNP was added to a final 
concentration of 54 x IQ-^M and a total volume of 20 ml. 
Samples were removed for analysis at 30 and 60 min.) 



Final conen. 

Inhibition 

Compound 

(M) 

(%) 

Potassium cyanide 

5 X 10-5 

32 


5 X 10-< 

90 


5 X 10-5 

100 

Sodium azide 

5 X 10-5 

* 8 

Iodoacetic acid 

5 X 10-5 

8 

j)-Chloromercuribenzoic acid 

5 X 10-5 

0 

Sodium pyrophosphate 

5 X 10-5 

0 

Sodium malonate 

5 X 10-5 

0 


An attempt was made to determine the active 
portion of the homogenate. An homogenate was 
divided into three portions A, B and C. A was incu- 
bated with DNP in the usual way. B was centrifuged 

Table 1 . Activity of liver homogenate fractions 

(Preparation A, 2-5 g. liver homogenized, DNP added 
and volume adjusted to 20 ml. Preparation B, 2-5 g. liver 
homogenized in 10 ml. buffer solution, centrifuged, DNP 
added to supernatant fluid. Volume adjusted to 20 ml. 
Solid residue from B suspended in buffer solution, DNP 
added and volume adjusted to 20 ml. Preparation C, 2-5 g. 
liver homogenized in 10 ml. of buffer solution, entrifuged 
and supernatant fluid filtered through kieselguhr. Filtrate 
adjusted to 20 ml. after addition of DNP. DNP concen- 


tration, lOOpg./ml., pH 74.) 

Whole 

homo- 

genate 

Super- 

natant 

Residue 

Filtered 

super- 

natant 

Preparation 

of A 

ofP 

of 5 

of C 

pg. DNP destroyed 
per ml. after 60 min. 

56 

41 

13 

8 

Activitj' expressed as 
percentage activity 
of whole homogenate 

100 

73 

23 

15 


at the top speed of an angle centrifuge and the 
supernatant fluid and solid residue incubated 
separately with DNP. C was also centrifuged, but 
the supernatant fluid was filtered through a laj-er of 
kieselguhr before assessment of its activity. Table 1 
indicates that most of the activity resides in the 


Greville & Stem (1935) and WestfaU (1943) used a 
dehydrogenase system to demonstrate the reduction 
of nitro groups in dinitrophenol and trinitrotoluene. 
The effect of substrates for dehydrogenases was 
observed on the activity of liver homogenates in 
destroying DNP. It was found that their activity 
could be increased by almost 20 % when 7 x lO-^ai- 
succinate or lactate was added. The experiments 
reported above were carried out under aerobic con- 
ditions. Westfall demonstrated that the reduction of 
trmtrotoluene also occurred under anaerobic con- 
ditions. The rate of decomposition of DNP imder 
aerobic and anaerobic conditions were compared. 
DNP was added to chilled liver homogenate in 
Ihunberg tubes immersed in ice water. The DNP 
concentration was 6-4 x IQ-^m after adjustment to 
a Imown volume with phosphate buffer, pH 7-4 The 

Sri" r ^'^^'^uated and refilled with nitrogen 
tliree times m succession. These tubes as well as 
si^ar tubes, open to the atmosphere, containing 
wore homogenate and DNP 

reaXntolf ^^--fo-dthatfh; 

reaction took place at the same rate under aerobic 
and anaerobic conditions. aerobic 

That the succinic oxidase system was not ro. 

|«Vediy'the1ol^^^^^^ 
preparationwassuchthatO-5 ml. ofa 1 in25illu^on 
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Table 3. Enzymic activity of rat and rabbit tissues 

(Spleen, kidney, heart, intraseapular fat and brain tissues were removed from the freshly killed animal weighed and 
homogenized in 3 parts of phosphate buffer. Liver and muscle, 2-3 g. weighed and homogenized in 3 parts’ of phosphate 
buffer. DNP added to a final concentration of 6-4 x 10-^M. Blood, 5 ml. taken, DNP in phosphate added to a final con. 

centration of 5-4 X 10 ^m-DISTP. All homogenates incubated at 37° and analysed after 30 min. DNP destroyed calculated 

in terms of mg./lOO g. wet wt. tissue in 30 min.) 

Rat tissue Rabbit tissue 

A A 


Liver 

DNP destroyed 
in 30 min. 
(mg./lOO g. tissue) 

68 

Activity 

{%) 

100 

DNP destroyed 
in 30 mm. 
(mg./lOO g. tissue) 

29 

Activity 

(%) 

100 

Spleen 

40 

69 

0 

0 

Kidney 

41 

60 

, 12 

41 

Heart 

20 

29 

1 

3 

Intrascapular fat 

33 

47 



Muscle 

11 

16 

___ 


Brain 

2 

3 




Blood 

0 

0 

0 

0 


reduced 1ml. 10 "®m - methylene blue in 30 min. For 
the determination of its effect on DNP I ml. of the 
undiluted enzyme preparation was used. The buffer 
solution, pH 7-7, was O-OlM-phosphate solution 
containing 0-03M-sodium bicarbonate. The Thun- 
berg tubes were filled with 5 % carbon dioxide in 
nitrogen after removal of air. It was found that with 
DNP concentrations of 4-5 x 10~® to 4-5 x 10"^ m no 
destruction of the nitro compound occurred. 

Distribution of the enzymic activity. The activity 
of other tissues of the rat was examined by making 
homogenates from them and incubating with dini- 
trophenol rmder identical conditions. 

Table 3 shows that the activity of the rabbit tissue 
is lower than that of the corresponding rat tissue. 
On the other hand, when injected into the living 
animal, DNP disappears from the blood stream of the 
rabbit within a few hours, whereas it remains in the 
blood of the rat for several days (Parker, Barnes & 
Denz, 1961). 

Reduction ofDNOC. Experiments were performed 
with rat homogenates in which DNOC was sub- 
stituted for DNP. It was found that these homo- 
genates could reduce DNOC and the rate of reduc- 
tion was measured as rate of disappearance of 
DNO C. V arious tissues had similar relative capacities 
of reducing DNOC as they had in reducing DNP. 
The product ofDNOC was a diazotizable amine, but 
was not identified. 

The reduction product of DNP 

The experiments described above indicated that 
DNP was destroyed by liver homogenates by an 
enzymic process. The products of this reaction were 
sought. A homogenate which had been in contact 
with DNP for 1 Irr. was taken. The reaction was 
stopped by addition of 5 ml. of 20 % tricMoroacetic 
acid to every 20 ml. of homogenate. A portion of the 
supernatant was diazotized and coupled with 
A'-l-naphthylethylenediamine. A magenta dye 


was produced . On the assumption that only primary 
aromatic amines form dyes of this kind, it was 
decided that at least one of the metabolic products 
was such an amine. The possible amino derivatives 
of 2:4-dinitrophenol are 4-amino-2-nitrophenol, 
2-amino-4-nitrophenol and 2:4-diaminophenol. The 
isomeric nitroamines can be separated from the 
diamine by simple ether extraction in acid solutions, 
and it w’as formd that the greater part of the ammo 
fraction could be extracted in this way. 



Kg. 3. Absorption curves of diazo dyes of aminonitro- 
phenols. Aminonitrophenol diazotized (25 pg.) and 
coupled with. A'-l-naphthylethylenediamine in a ■ 

volume of 7’5 ml. , dye of 2-amino-4-nitrophenoI, 

, dye of 4-amino-2-nitrophenol. 

The diazotization method could be used to 

estimate either of the two aminonitrophenols 
separately. But the diazo dyes that were produced 
did not differ sufficiently to enable one amine to be 
detected in the presence of the other. The character- 
istics of the absorption curves are given in Fig. 5. 
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It is seen that both dyes have very nearly the same 
intensity of colour and the maximum absorption 
occurs at the same wavelength. Magne et al. (1932) 
had detected 2-amino-4-nitrophenol in the freshly 
voided urine of workers exposed to DNP dust. Their 
method was a modification of the Derrien test in 
which, the solution was diazotized, coupled with 
alkaline 2-naphthol and the resultant dye extracted 
into ether. After addition of acetic acid and zinc 
ions to the ethereal solution, the 2-amino-4-nitro- 


OF DINITROPHENOL 

solution was placed upon a paper strip and de- 
veloped. After completion of the chromatogram 
three spots were seen : a yellow spot of the same Rj, 
value as DNP ; a brownish pink spot of Bp value of 
4-amino-2-nitrophenol; and a faint orange spot at 
the position of 2-amino-4-nitrophenol. Subsequent 
analysis after cutting the spots from the paper 
revealed that 90 % of the total amine content of the 
extract was 4-amino-2-nitrophenol and the orange 
spot accounted for the remaining 10 %. 


phenol was identified by the production of a pinit 
colour. Under the same conditions the 4-amino-2- 
nitro compound produced a yellow colour. The 
authors quoted above used this method for the 
examination of the liver of a dog which had been 
poisoned by DNP, and in this case they concluded 
that 4-amino-2-nitrophenol was present. 

When the Derrien test was used to examine liver 
homogenates, a yellow colour was produced. This 
was an indication of the presence of 4-amLno-2- 
nitrophenol, but was not conclusive evidence for 
the absence of the isomer. Excess of 4-amino-2- 
nitrophenol could hide the presence of smaller 
amounts of 2-amino-4-nitrophenol. 

A mixture of the pure compounds was added to 
an alumina column. On development with ammo- 
. niated ethanol, a yellow band first appeared which 
very soon moved well ahead of the bulk of the 
coloured compounds remaining at the top of the 
colimm. This yellow compormd was eluted and 
identified as DNP. The two aminonitrophenols did 
not separate completely. The 4-amino isomer 
moved rather faster than the 2-amino compound 
hut became diffuse. The result was a broad band 
which was pink at the bottom and orange at the top, 
the pink compormd being 4-amino-2-nitrophenol. 
However, by paper-partition chromatography, all 
three compounds could be separated. The Rp of 
DNP was 0'60-0-66, for 2-amino-4-nitrophenol it 
was 0-42-0-44 and for 4-amino-2-nitrophenol it was 
0-30-0-32. For the purpose of identifying and iso- 
lating the metabolic product of DNP, the two 
chromatographic methods were combined. An 
ethanolic extract of liver homogenate after incuba- 
tion with DNP was added to an alumina column. 
A yellow band of unchanged DNP appeared and 
was eluted. This was followed by a pink band. 
Finally, after elution of the pink band, there re- 
mained at the top of the column an orange band 
which could only be removed after increasing the 
water content of the developing fiuid to about 20 % 
and it was found that this fluid did not contain a 
diazotizable amine. 

The pink fraction obtained from the almnina 
cohmm produced an orange solution after elution. 
This solution was evaporated to drjmess in an 
atmosphere of nitrogen and the drj' residue dissolved 
in 2-4 ml. of ethanol. Approximately 20 ;^1. of tlris 



400 300 200 


Wavelength (mp.) 

Fig. 4. Ultraviolet absorption of aminonitrophenols com- 
pared with metabolite. A, 0-0015% 4-amino-2-nitro- 
phenol in 0-001 x-HCl. B, metabolite washed from paper 
chromatogram -with 0-001 N-HCl. Estimated to contain 
0-0012% of 4-ammo-2-nitrophenol. C, 0-001% 2-ammo- 
4-nitrophenol in 0-001 N-HCl. 


Fmther evidence of identity was supplied by 
spectrography. After preliminary separation on an 
alumina column and concentration into a small 
volume the amine fraction was placed on a paper 
strip and developed. The compound of the Rp value 
of 4-ammo-2-nitrophenol was cut from the paper 
and dissolved in O-OOlN-hydrochloric acid. Its 
ultraviolet absorption spectrum was observed and 
compared with that of 4-amino-2-nitrophenol and 
of 2-amino-4-nitrophenol (Fig. 4). It is seen that the 
absorption curve of the metabolite of DNP strongly 
resembles that of 4-amino-2-nitrophenol. 

Thus from the evidence of chromatography and 
spectro^aphy it is concluded that 4-ammo-2-nitro- 
phenol is the main reduction product of DNP in 
liver homogenates. 


- — oetween tne rate of DNP 

destruction and the rate of formation of amino 
compounds was next investigated. An experiment 
was made m which the amount of DNP destroyed 
was measured together with the amount of amine 
produced. The latter, calculated as 4-amino-2- 
mtrophenol, was determined in the trichloroacetic 
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acid supernatant and was thus equivalent to the 
total amine. It was observed that during the early 
stage of rapid removal of DNP there was a rapid 
increase in the concentration of amino compounds, 
but that after 3 hr. loss of amine occurred while 
DNP destruction continued (Fig. 5). 

Earlier in this paper it has been noted that the 
bulk of the amino compounds were extracted by 
ether from acidified solutions. However, examina- 
tion of the residual aqueous solution showed that 
some amine was still present. This compound was 



Fig. 5. Comparison between DNP destroyed and amine 
produced by liver homogenate. Initial D!NP concentra- 
tion 100 /xg./ml. homogenate. Dotted line is theoretical 
amount of 4-amino-2-nitrophenol to be expected calcu- 
lated from DKP destroyed assuming 100% recovery and 
no destruction of amine. O — O, DNP destroyed; 
• — •, amine produced. 

not extractable by ether, benzene or light petro- 
leum, behaving in this respect as 2:4-diamino- 
phenol. This fraction was termed the ‘ether- 
insoluble’ fraction. A similar experiment to that 
described above was performed with the additional 
elaboration of extracting the trichloroacetic acid 
solution with ether. The ether -soluble and ether- 
insoluble fractions were then anatysed for amino 
compounds. Fig. 6 shows that as the DNP is 
destroyed the ether-soluble amine at first increases 
rapidly, but later decreases in concentration. At the 
same time there is a slow increase of the ether- 
insoluble amine the level of which is maintained 
after the concentration of the ether -soluble amine 
begins to faU. The decrease of the ether-soluble 
fraction commences after 3 Irr. incubation. Thus it 
would appear that 4-amino-2-nitrophenol is itself 
destroyed. 

The destruction of the two aminonitrophenols 
was next investigated. In turn, each of the above 
compounds was incubated with liver homogenates. 


1952 

At intervals samples were removed and analysed for 
ether-soluble amine and ether -insoluble amine. The 
results of these experiments are shown in Figs. 7 
and 8. Both compoimds were destroyed by homo- 
genates but at different rates. The 2-amino-4- 
nitrophenol is slowly destroyed with a gradual 
accumulation of the ether-insoluble compound. 
4-Amino'2-nitrophenol is more rapidly removed. 
In 5 hr. very little of the ether-soluble 4-amino-2- 
nitrophenol is left, but there is only a slight increase 
of the water-soluble compound. 



Fig. 6. Comparison between production of ether-soluble 
and ether-insoluble amine during course of DNP de- 
struction. Initial concentration of DNF, lOOftg./ml- 
(Trichloroacetic acid supernatant fractionated and 
analysed as described in text.) Results read as 4-amiiio- 
2-nitrophenol. O — O, ether-soluble amino compounds; 
• — •, ether-insoluble amino compounds. 

That the mechanism of this destruction was 
similar to the destruction of DNP and might possibly 
involve the same enzymes was demonstrated by 
experiment. It was found that the destruction of 
the amino nitro compounds could he inlubited by 
heat and cyanide ions but not by sodium azide, 
sodium malonate, p-chloromercuribenzoic acid or 
iodoacetic acid. Strict summation experimenfe 
were difficult to perform as the product of DNP 
reduction, 4-amino-2-nitrophenol, could not he 
distinguished by the method of estimation from the 
added amine. Moreover, the 4-amuio-2-nitropheno 
is itself destroyed by the liver homogenate an 
might also compete for the enzyme system. An 
indication that the presence of amino -nitropheno s 
lowers the rate of DNP destruction and lasy ® 
competing for the enzyme system wms obtained y 
the experiment illustrated in Fig. 9. Three quantities 
of homogenate were prepared. The first contame 
DNP, the second DNP and 2-amino-4-nitrophenol 
and the third DNP and 4-amino-2-nitrophenol. 
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Samples were taken from each homogenate at 
intervals of 15 min. It is seen that hoth compounds 
inhibit the destruction of DNP , but that 4-amino-2- 
nitrophenol has the greater effect. 



as described ia text. 0—0, 4-amino-2-mtrophenol; 
• — •, ether-insoluble amine. 



Fig, 8. Rate of destruction of 2-aniinQ-4-nitrophenol in 
liver homogenate. Initial amine concentration of 100 pg,/ 
ml. Trichloroacetic acid supernatant fluid analysed 
as described in text. O — 0> 2-amino-4-nitrophenol; 
• — •, ether-insoluble amine. 

It has been shown that DNP is reduced in vitro by 
animal tissues to 4-amtno-2-nitrophenol with only 
a slight amount of 2-amino-4-nitrophenol. It was, 
therefore, of interest to compare tliis result with tho 
urine excretion products of rats poisoned by DNP. 
Male rats of 200 g. weight were given 20 mg. 
DNP/kg. body weight by subcutaneous injection. 
Biochem. 1952, 51 


Tlie animals were kept in metabolism cages for the 
next 24 lir. and their urine collected. Tlie urine was 
extracted in the same way as described for the 
homogenates. The dried extract was dissolved in a 
few drops of ethanol. Approximately 20 pi. of the 
extract was then developed on a pajoer cluomato- 
gram and compared with a Imown solution con- 
taining DNP and the two isomeric aminonitro- 
phenols. Two spots were obtained from the mine 
extract. One had an Bp value identical with the 
spot due to pure DNP. The second spot was orange in 
colour and had the Bp value of 2-amino-4-nitro- 
phenol. There was no sign of 4-amino -2 -nitrophenol. 



Fig. 9. Influence of aminonitropbenols on rate of destruc- 
tion of DNP. O — O, normal homogenate containing 
DNP at initial concentration of lOOpg./ml.; • — •, 
homogenate containing DNP at lOOpg./ml. -{-2-amino-4- 
nitrophenol at 200pg./ml.; x — x, homogenate con- 
taining DNP at lOOpg./ml. +4-amino-2-nitrophenol at 
200pg./ml. 

It has been shown that the latter compound is more 
rapidly destroyed in vitro than its isomer. It might 
be expected, therefore, that 2-ammo-4-nitrophenol 
would appear as the predominant reduction product 
of DNP in the urine. 

It has been remarked above that the 2-amino 
isomer was the compound foimd in the urine of men 
and dogs poisoned by DNP (Magne et al. 1932). It is 
of interest to note that the latter workers found 4- 
amino-2-nitrophenol in the liver of a DNP-poisoned 
dog. 

DISCUSSION 

The enzjTnic reduction of aromatic nitro groups is 
well known. WestfaU (1943) and Bueding & Jolliffe 
(1946) have demonstrated that trinitrotoluene 
(TNT) is reduced by the succinic oxidase system to 
an an^o derivative. The nitro group of Chloro- 
mycetin is reduced bj^ bacterial enzymes (Smith & 
Worrel, 1949) and has been related to a nitrite 


24 



370 


V. H. PARKER 


reductase (Egami, Ebata & Sato, 1951). Greville & 
Stem (1935) showed that a bacterial succinic de- 
hydrogenase would reduce 2:4-dinitrophenol. The 
present paper confirms that animal tissues can reduce 
one nitro group of DNP to an amino group. The 
process is similar to that described for TNT inas- 
much that substrates of dehydrogenases, lactate and 
succinate, increase the rate of reduction. However, it 
w'as not possible to reduce DNP by a preparation of 
heart-muscle succinic oxidase. In this connexion, it 
may be noted that Bueding & JoUiffe did not obtain 
a reduction of TNT unless coenzyme i was added. 
Further work is necessary to see if there is any rela- 
tion between the reduction of DNP with the res- 
piratory activity of the tissue. 

The next stage of the process, destruction of the 
amine,' appears to be similar in properties to the 
first stage as both are inhibited by cyanide ions and 
not by the other enzyme inhibitors mentioned. It is 
possible that the reduction of the nitro group in the 
4 position is followed by reduction of the 2-nitro 
group. Pure 2:4-diaminophenol is not extracted 
from water by organic solvents and would therefore 
be contained in what is here termed the ‘ether- 
insoluble ’ fraction. Definite identification of 
this fraction as 2:4-diaminophenol has not been 
made. 

It is interesting that the amino compound 
appearing in the urine of animals poisoned by DNP 
is the 2-amino-4-nitro compound. The experiments 
reported above show that this compound is de- 
stroyed less rapidly than its isomer. The excretion 
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products in the mine represent the balance of pro- 
duction and destruction of both aminonitrophenols. 

SUMMARY 

1. 2:4-Dinitrophenol is reduced by rat-liver 
homogenates to 4-amino-2-nitrophenol. Some 2- 
amino-4-nitrophenol is obtained (about 10 % of the 
total amine). 

2. Maximum rate of reduction of 2:4-dmitro- 
phenol is attained in phosphate buffer of pH 7 at 
37° and in the presence of sodium lactate or sodiiun 
succinate. 

3. The reaction ' is completely inhibited by 
5 X 10“®M-potassium cyanide. 

4. Rat spleen, kidney, intrascapular fat, muscle 
and brain also destroy 2:4-dinitrophenol. 

5. The reduction products were isolated by 
means of alumina chromatograms and paper- 
partition chromatography. 4-Amino-2-nitrophenol 
was identified by ultraviolet spectrography. 

6. Liver homogenates can reduce the isomeric 
aminonitrophenols. The second reduction product is 
thought to be 2:4-diaminophenol, but has not been 
identified. 

7. The main excretion products of 2:4-dinitro- 
phenol in the urine of rats were unchanged 2:4- 
dinitrophenol and 2-amino-4-nitrophenol. 

My thanks are due to Dr S. EUing'worth, Messrs Imperial 
Chemical Industries Ltd., for the gift of the aminonitro- 
phenols and to Miss A. E. Scott for valuable technical 
assistance. 
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Erikson (1949), as a resxilt of a study of about 300 
strains of Proactinomycetes, mostly isolated from 
Rothamsted sods, came to the conclusion that the 
partially acid-fast strains in that locality were 
mainly accoimted for by Proactinomyces opacus. 
Pro. salmonicolor and Pro. paraffinae. All three 
species grow well on liquid paraffin or paraffin wax 
as the sole energy source. 

A few papers have been published on the oxidation 
of aliphatic hydrocarbons by washed suspensions of 
pure cultures of micro-organisms. Both Johnson, 
Goodale & Turkevitch (1942) and Imelik (1949) used 
species of Pseudomonas. It was shown by J ohnson 
etal. (1942) thataliphatichydrocarbonsrangingfrom 
Co to C 12 were oxidwed. Saz ( 1949), using four strains 
of pathogenic mycobacteria, found that in parti- 
cular the 14-, 16- and 18-membered hydrocarbons, 
both saturated and unsaturated, greatly increase 
the oxygen uptake. Cetyl (hexadecyl) and stearyl 
(octadecyl) alcohols had a similar effect. A useful 
review on the assimilation of hydrocarbons by 
micro-organisms has been published by ZoBell 
(1950). 

In this paper we have made a study of the aerobic 
metabolism of a strain (TI 6 ) of the non-pathogenic 
Pro. opacus (Jensen) (Nocardia opaca Waksman & 
Hendrik, Bergcy's Manual, 6 th ed.), employing the 
Warburg teclmique. 


carried out at room temperature on a rotary shaking 
machine. After 5-6 days, the cells were harvested hy 
centrifuging, washed once with distilled water and finally 
suspended in distilled water. 1 ml. ofsuspension was usually 
made to contain about 6 mg. (dry wt.) of organism. The 
suspension could be kept for periods up to 2-3 weeks at 2° 
until needed. The experiments quoted in this paper have 
been performed with suspensions stored for 7-14 days at 2°. 

Oxygen vpta fce. This was measured in a W arburg apparatus 
at 20°, the final total volume in each vessel being 2-5 ml., 
made up as follows: 1ml. suspension; 0-5 ml. 0-066M 
phosphate buffer, pH 7-0; substrate and distilled water. 

Owing to the high endogenous respiration, particularly 
when newly harvested, it was usually necessary to leave the 
organism and phosphate buffer shaking gently in the vessels 
overnight. This preliminary incubation, while markedly 
reducing the blank, had little effect on the oxidation of the 
subsequently added substrates. Next morning, 0-2 ml. of 
5% (w/v) KOH and fluted filter paper, for the absorption of 
COj, were introduced into the centre cup of each vessel. 
DistUled water was added directly to the vessel and sub- 
strates, if liquid, were tipped in from the side arm after equi- 
libration. In the case of some hydrocarbons and alcohols, it 
was found advantageous to add 0-2 ml. distilled water to 
the side arm simultaneously to facilitate tipping, so en- 
suring that aU the substrate passed into the main vessel. In 
the case of sohd substances, these were added directly just 
before the equihbration period of 10-15 min. For the 
measurement of E.Q., three manometers were used for each 
determination (Umbreit, Burris & Stauffer, 1948). 


hlETHODS 

Qroiolh of the organism. Pro. opacus, strain T 16, isolated 
by Erikson from soil, was used throughout this work. 

The organism was grown in liquid culture. Glucose proved 
to bo the most suitable carbon source for maximum yield of 
cells. Although good growth took place in the presence of 
u-dodecano and n-tetradecane, it was found impossible to 
separate the cells from the hydrocarbons by centrifuging. 
The final medium employed was of the following composi- 
tion; ghieose, 20 g.; NnNO„ 2g.-, KH.PO4, 0-5 g.; NaCl, 
0'2g.; MgS04, 0-2 g.; FeClj, trace; 11. distilled water; 
pH adjusted to 7-2. The medium was distributed in 500 ml. 
media storage bottles (200 ml./bottle) and inoculated with 
S ml. of a 48 hr. culture of the organism. Growth was 


RESULTS 

Oxygen uptake of washed suspensions in the presence 
of liguid aliphatic hydrocarbons 

Fig. 1 gives the result of an experiment showing the 
effect on the oxygen uptake of suspensions of Pro. 
opacus of the addition of the hydrocarbons decane, 
imdecaiie, dodecane, tetradecane and hexadecane. 
It is evident that the higher paraffins (dodecane, 
tetradecane and hexadecane) most markedly affect 
the oxygen uptake. Saz (1949), working with 
tubercle bacilli, also found that with tetradecane, 
hexadecane and octadecane the oxygen uptake was 

24-2 
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greatly increased. With Pro. opacus it was similarly 
observed (Saz, 1949) that the organism tended to 
migrate to the hydrocarbon-water interface. 

As the organism is frequently cultured on liquid 
paraffin, it was thought of hiterest to find the efiect 
of this substance on the rate of oxygen uptake by 
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Oxygen uptake in the presence 
of solid hydrocarbons 

Sohd parafiins increased the oxygen uptake of 
Pro. opacus. Included in Table 2 are dodecane, 
tetradecane and hexadecane (liquid at 20°) for 
comparison. 



Fig. 1. The oxygen uptake of Proe.ojjac«-s in the presence of 
n-decane, n-undecane, n-dodeoane, n-tetradecane and n- 
hexadecane. A washed suspension (1 ml.) of organism 
0'6 ml. phosphate buffer, pH 7-0, shaken gently over- 
night. Distilled water and substrates (0-2 ml. from side 
arm) added next morning. Temp. = 20°. 

Pro. opacus. The results are given in Table 1. It 
appears from Table 1 that liquid paraffin is not as 
good a substrate as dodecane and tetradecane. 
Growth experiments also showed that better 
growth took place on dodecane and tetradecane 
than on liqmd paraffin when these substances were 
used as sole carbon source in a mineral salt medimn 
of the same composition as given under Methods 
(the hydrocarbons replacing the glucose). 

Table 1. The oxygen uptake of Proactinomyces 
opacus in the presence of liquid paraffin, dodecane 
and tetradecane 

(A washed suspension (1 ml.) of Pro. opacus + 0-5 wl. of 
0'066M-phosphate buffer, pH 7-0, incubated overnight. 
Next morning 0-2 ml. hydrocarbon and distilled water 
added to give a final volume of 2-5 ml.) 

Oo Uptake 
in 120 min. 


Addition (/J.) 

None 36 

Liquid paraffin 40 

u-Dodecane 152 

n-Tetradecane 92 


Table 2. Oxygen uptake of Proactinomyces opacus 
in the presence of some solid aliphatic hydrocarbons 

(A washed suspension (1 ml.) of Pro: opacus ml. of 
0-066 M-phosphate buffer, pH 7-0, incubated overnight at 
20°. Next morning substrates and distilled water were 
added to give a final volume of 2-5 ml.) 


Addition 

O 2 uptake 
in 120 min. 

(mI-) 

None 

23 

Paraffin wax (0-2 g.) 

56 

?z-Octadeoane (0-2 g.) 

95 

m-Hexadecane (0-2 ml.) 

173 

n-Tetradecane (0-2 ml.) 

82 

n-Dodecane (0-2 ml.) 

90 


The effect of hydrocarbons on oxygen uptake 
in the presence of glucose 

It wdll be seen from Table 3 that no stimulation of 
oxygen uptake occurs when glucose and hydro- 
carbon are present together. In fact, the sum of the 
separate rates is greater than when the two sub- 
strates are oxidized simultaneously. Johnson et al. 
(1942) report, similar findings for Pseudomonas sp. 
when glucose and octane were added separately and 
together to their suspensions. These workers came 
to the conclusion that ‘the fact that they are largely 
additive indicates that different dehydrogenase 
systems are involved ’. 

It is also of interest to note from Table 3 that the 
rate of oxygen uptake in the presence of glucose is 
substantially the same as for hexadecane. 


Table 3. The effect of hydrocarbons on the oxygen 
uptake of Proactinomyces opacus in the presence 
of glucose 


(A washed suspension (1 ml.) of Pro. opacus +b'b ml- of 
0-066 M-phosphate buffer, pH 7-0, shaken overnight at 20 . 
Next morning substrates and distilled water added to give 


a final volume of 2-5 ml.) 


O2 uptake 

in 120 min. 


Addition 


(f1-) 


None 

Glucose (0-4%, w/v) 
n-Dodecane (0-2 ml.) 

Glucose (0-4%, w/v) -t-n-dodecane (0-2 ml.) 
n-Hexadecane (0-2 ml.) 

Glucose (0-4%, w/v) -^-J^-hexadecane (0-2 ml.) 


27 

196 

102 

265 

192 

322 


Determination of e.q. of dodecane 

The theoretical e.q. for the complete oxidation of 
a hydrocarbon is 0-65. For dodecane, the value 
obtained was 0-72 and that for the endogenous 
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respiration was I'O. Saz (1949) found an identical 
value for one of Ws strains (II37Ra) using tetra- 
decane. To account for the high value obtained he 
came to the conclusion that ‘if the hydrocarbon is 
being oxidized, this would suggest that intracellular 
decarboxylation mechanisms are being stimulated 
as well’. 


marked effect on the oxygen uptake, wliile butyl, 
amyl, fsoamyl, isohexyl and heptyl alcohols are all 
toxic and no oxygen uptake is obtained in their 
presence. Saz (1949) found, too, that the oxygen 
uptake of the fom strains of tubercle bacilli used 
by him were increased by long-chain (cetyl and 
stearyl (octadecyl)) alcohols. In the experiments 


Reduction of methylene blue by extract 
from crushed cells 

In order to obtain a sufficient weight of organism 
for this purpose, the organism was grown on the 
medium as previously given (see under Methods) 
but solidified with 2 % agar. The poured plates were 
inoculated over the whole surface using a sterile 
glass spreader. The plates were incubated for 14 
days at 23°, the siurface growth was then harvested, 
washed once by centrifuging and then deposited in 
a tared tube by centrifuging. The cells were crushed 
by Mcllwain’s method (Mcllwain, 1948), using 
Microid polishing alumina. Grade 3/50, slow cutting 
(Griffin and Tatlock Ltd.). After centrifuging, the 
supernatant was used for Thunberg experiments. 

Table 4. Reduction of methylene blue by the extract 
obtained from crushed cells of Proactinomyces 
opacus 

(The organisms (4-3 g. wet wt.) were crushed with 11 g. 
polishing alumina, taken up in 10 ml. phosphate buffer, 
pH 7-0, and centrifuged. The supernatant liquid was used 
in hooked Thunberg tubes, each of which contained 1 ml. 
of supernatant, 0-3 ml. 1/10 000 methylene blue and 0'2 ml. 
of substrate, etc., to give a total volume of 1'5 ml. Methyl- 
ene blue and substrate were added from the ‘hook’ after 
evacuation and filling Avith Oj-free Nj.) 

Time after which 
decoloration 
obtained 


Addition (min.) 

None 35 

Dodecane 17 

Hexadecane 17 

Decane 40 

Sodium lactate (0'2 ml. of 1 %) 20 


From Table 4 it will be seen that the rate of 
mothyleno-blue reduction is increased in the 
presence of dodecane and hexadecane. Decane was 
ineffective. It also had little effect on the oxygen 
uptake (Fig. 1). Sodium lactate has been included 
for purposes of comparison. 


Metabolism of saturated aliphatic alcohols 

Table 5 gives the results of an experiment with 
ethyl, butyl, amyl, woamyl, wohoxj-l, heptyl, octyl, 
dooyl, lauryl, cetyl and octadecyl alcohols. It is 
clearly seen that the long-chain alcohols (docyl, 
lauryl (dodcoyl) and cetyl (hoxadecyl)) have a 


Table 5. Oxygen uptake of Proactinomyces opacus 
in the presence of some saturated monohydric 
aliphatic alcohols 

(A washed suspension (1ml.) of Pro. opacus -f 0-6 ml. 
0-066M-phosphate buffer, pH 7-0, incubated overnight at 
20°. Next morning 0-2 ml. of liquid alcohols +0-2 ml. 
distilled water added from side arm. In case of solid 
alcohols 0-2 ml. of the melted alcohol was added directly to 
suspension. Distilled water added to give final volume of 
2-5 ml.) 


Addition 

O 2 uptake 
in 120 min. 

w 

None 

16 

Ethanol 

104 

Butanol 

Nil 

Amyl alcohol 

Nil 

isoAmyl alcohol 

Nil 

isoRexyl alcohol 

NU 

Heptyl alcohol 

Nff 

Octyl alcohol 

16 

Decyl alcohol 

76 

Dodecyl alcohol 

98 

Hexadeoyl alcohol 

101 

Octadecyl alcohol 

47 


with the immiscible liquid and solid hydrocarbons 
and alcohols some variation was encountered in the 
amount of increase in oxygen uptake observed for 
different experiments. We believe this is coimected 
with the difficulties in introducing the exact amounts 
(particularly in the case of solid substances) into the 
main vessel and also to the different degrees of dis- 
persion obtained. The substances in the absence of 
the cells did not take up oxygen. 

3Ietabolism of saturated aliphatic fatty acids 

When used in low concentrations (0-0012 m) the 
longer chain acids give greater oxygen uptakes than 
acetate, propionate or butyrate (Fig. 2). This agrees 
with the Bindings of Randles (1950) for Neisseria 
catarrhalis. From Table 6 it wiU be seen that the 
very long-chain saturated fatty acids (laurate, 
myristate, palmitato, stearate and behenate) be- 
haved in a similar way, although behenate is not so 
effective as the others. 

In higher concentrations (1%, w/v) caprylate 
(octanoate), caprate (decanoate), undecanoate and 
laurate completely inhibited oxygen uptake. The 
toxic effect of high concentrations of caprylate, 
caprate, rmdecanoate and laurate may be con- 
nected with their detergent properties. 
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Ejfect of fatty acids on oxygen consumption 
in the presence of glucose 

The addition of the long-chain fatty acids 
(laurate and caprate) and glucose simultaneously 
to the -washed suspension (Table 7) gave analogous 
results to those obtained for the hydrocarbons (see 
Table 3). 



Kg. 2, The O 2 -uptake of Pro. opacus in the presence of 
saturated aliphatic fatty acids. A -washed suspension 
(1ml.) of organism -f- 0-6 ml. phosphate buffer, pH 7-0, 
shaken gently overnight at 20°, Next morning sub- 
strates (0-5 ml. of 0-06 m from side arm) and distilled 
■water added to give a final concentration of 0-0012M- 
fatty acid as sodium salt on total volume of 2-5 ml. 

DISCUSSION 

Little -work has been done on the metabolism of the 
partially acid-fast proactinomycetes. (For details 
regarding acid-fastness in this group see Erikson 
(1949). The capacity of these organisms to gro-w on 
liquid paraffin and paraffin -wax has been kno-wn for 
a long time (Jensen, 1931). Prom work reported in 
tlus paper it is clear that a vtdde range of hydro- 
carbons and closely related compounds increase the 
rate of oxygen uptake by -washed suspensions of 
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Pro. opacus. Of the hydrocarbons utilized, the 
higher members, dodecane, tetradecane and hexa- 
decane were superior to the other members tried 
(Fig. 1 ). In this respect Pro. opacus differs from the 
Gram-negative, non acid-fast pseudomonas species 
as used by Jolmson et al. (1942), who found that 
octane was the most actively used substance. Saz 
(1949), working with pathogenic strains of myco- 
bacteria, obtained similar results to ourselves. He 
suggested two possibilities to account for the in- 
creased oxygen uptake : (a) that the hydrocarbons 
are used as energy source by the organism, and 
(b) that the hydrocarbons alter the respiration rate 
by changing the total free surface of the cells. 

Table 6. The oxygen uptake of Proaetinomyces 
opacus in the presence of long-chain fatty acids 

(A -washed suspension (1 ml.) of Pro. opacus + 0-5 ml of 
0-066M-phosphate buffer, pH 7-0, shaken overnight at 
20°. Next morning 0-5 ml. of O-OOGu-sodium salt of acid 
tipped from side arm. Distilled water added to give final 
concentration of 0-0012u and final volume of 2-5 ml.) 

Oj uptake 
in 120 min. 


Addition (ph) 

None 17 

Laurate (dodeoanoate) 204 

Myristate (tetradeoanoate) 275 

Palmitate 214 

Stearate 193 

Behenate (docosoate) 37 


Table' 7. The effect of fatty acids on the oxygen con- 
sumption of Proaetinomyces opacus m the presence 
of glucose 

(A washed suspension (1 ml.) of Pro. opacus 4-0-5 ml. of 
0-066 si-phosphate buffer, pH 7-0, shaken overnight at 20 . 
Next morning substrates and distilled -water added to giro 
final volume of 2-5 ml.) 

Oj uptake 
in 120 min. 

Addition 

None 

Glucose (0-4%, w/v) 

Sodium dodeoanoate (0-0012 ji) 

Glucose (0-4%, w/v) -i-sodium dodeoanoate 
{0-0012M) 

Sodium deoanoate {0-0012 m) 

Sodium deoanoate (0-0012M) 4 - glucose 
(0-4%, w/v) 

In the case of Pro. opacus, good growth is oh 
tamed using dodecane and tetradecane as so0 
carbon source in the medium. Saz (1949), on t & 
other hand, only obtained stimulation of growth ot 
one of his strains. The other strains tested were 
apparently unable to utilize the hydrocarbons as 

energy source. , 

As to the question of whether the oxygen up 
observed represents a true oxidation of the su 
strate added, our growth • experiments woui 


(fJ-) 

47 

195 

225 

366 

134 ' 
242 
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support the view that the hydrocarbons are being 
actively metabolized. This is further home out by 
the results obtained on the partially oxidized 
derivatives, such as long-chain monohydric al- 
cohols and long-chain monocarboxylic acids. 
Methylene-blue reduction, moreover, points to the 
presence of a dehydrogenase enzyme present in the 
cells capable of oxidizing the long-chain hydro- 
carbons. 

It seems that this organism offers very interesting 
possibilities for further studies on metabolism. 

SUMMARY 

1. The oxygen uptake of washed suspensions of 
Proactinomyces opacus is increased in the presence 
of n-dodecane, n-tetradecane, n-hexadecane, n- 
octadecane and paraffin wax. 


2. Decyl, lauryl (dodecyl) and octadecyl alcohols 
give increased oxygen uptake, but amyl, fsoamyl, 
isohexyl, and heptyl alcohols are toxic. 

3. The long-chain fatty acids (C,— Cjs) are all 
actively metabolized at very low concentrations 
(0-0012 m). At 1%, octanoate, decanoate, rmde- 
canoate and laurate (dodecanoate) are toxic. 

4. The rate of methylene -blue reduction by the 
supernatant liquid obtained from the crushed cells 
of Proactinomyces opacus is increased in the presence 
of dodecane and hexadecane. 

We are grateful to Mrs D. Oxford for suggesting this 
problem and to her and to Dr G. K. Fraser for their con- 
tinued interest in this work. The work was carried out in the 
Botany Department, and we are grateful to Prof. J. R. 
Matthews for the facilities provided. We also wish to thank 
Messrs Hess Products Ltd., Littlehorough, for gifts of fatty 
acids and to others for gifts of hydrocarbons of high purity. 
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Reduction of Dehydroascorbic Acid by Bacteria 

2 . ROLE OF CYTOCHROiME IN HYDROGEN TRANSPORT 
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Low Temperature Station for Research in Biochemistry and Biophysics, University of Cambridge, 
and Department of Scientific and Industrial Research 


{Received 24 August 1951) 


In a previous paper (Eddy, 1952) it was shown that 
the reduction of dehydroascorbic acid (DBA) to 
ascorbic acid (AA) by Escherichia coli can be 
effected with hydrogen supplied by various hydro- 
gen donator/dehydrogenase systems in intact cells, 
but that corresponding cell-free systems are in- 
effective. It w'as therefore suggested that some 
additional factor, possibly a hydrogen carrier, is 
nocossarj'. 

Our attention was first directed to cytochrome 
because it was reported that some fifteen strains of 
streptococci wore miable to reduce DHA (Gunsalus 
& Hand, 1941) and wo found the same with species of 
Lactobacillus and Clostridium. These bacteria can 
produce reducing conditions of sufficiently high 
intensity for the reduction of DHA to bo thermo- 
djammically possible, but possess no cytoclnomo 
(Inijita & Kodama, 1934; Frei, Riedmiiller & 


Almasy, 1934). IVhen a connexion between DHA 
reduction and cytochrome was in fact found inEsch. 
coli, comparison of the two properties was naturally 
extended over a range of bacterial types. 

The present paper falls, therefore, into two parts, 
the first describing attempts to relate DHA re- 
duction to the hydrogen carrier and the second 
being a survey of the types of bacteria able to 
effect the reduction. 


METHODS 

For spectroscopic work the organisms were grown in bulk 
on a solid medium containing 1% Protex, 1% peptone, 
1 A gclatm 0-0% Yeastrel, 0-5% glucose, 1% CaCO, and 
3 /o agar. After harvesting, the cells were washed twice with 
Rmger s solution (quarter strength) and suspended at the 
reqmred concentration either in this solution or in nhos- 
phato buffer at pH G-2. ^ 
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Organisms to be tested for DSA reduction were grown in 
nutrient broth + 0-5 % glucose in 1 oz. screw-capped bottles 
in winch they were centrifuged, washed once with Einger’s 
solution and finally suspended in buffer. Their ability to 
reduce DHA was tested as described previously (Eddy, 
1952) using 0'02M-glucose as hydrogen donator. 

For viewing cytochrome spectra a Zeiss microspectro- 
scope was used. Investigations at liquid air temperature 
were carried out as described by Keilin & Hartree (1949). 
For estimating changes in the intensities of cytochrome 
bands the microspectroscope was fixed vertically above one 
h'mb of a Duboscq colorimeter from which the prisms and 
eyepiece had been removed. A standard suspension of Fsch. 
ccli (1'5 X 10^^ cells/ml.), with added dithionite, was placed 
in the colorimeter cup and the vernier scale set at 10 mm. 
The experimental suspension of equal density but without 
dithionite was placed in a cell of optical depth 10 mm., 
flooded with liquid paraffin and illuminated horizontally so 
that both spectra could be viewed simultaneously. The 
intensities of the spectra were then matched by altering the 
intensities of their respective light sources. After the addition 
of DHA the intensities of the spectra and of the cytochrome 

bands were rematched, altering the comparison spectrum 
by varying the intensity of the light source and the depth of 
suspension interposed. 

RESULTS 

A. Connexion between cytochrome and ability to 
reduce DHA in Escherichia coli 

It seemed that, if c 3 'toclirome were needed to reduce 
DHA, the failure of enzyme preparations to effect 
the reduction might be due to the absence of 
cytochrome. Non-reducing cell-free dehydrogenase 
preparations of Esch, coli prepared by tryptic 
digestion and acetone treatment as described in a 
previous paper (Eddy, 1952), or mechanically in a 
Mickle tissue disintegrator, were examined spectro- 
scopically after the addition of sodium dithionite. 
It was foimd that in all cases the cytochrome bands 
were either absent or were so weakened as to be 
barely visible; this supported the idea that reduc- 
tion might be connected with cytochrome. 

Unfortunately we have not been able to obtain 
cell-free preparations of the cytochrome from Esch. 
coli, with which to try to restore the reducing 
capacity of ceU-free dehydrogenase preparations, 
and so we have had to use spectroscopic methods to 
detect any reaction between DHA and the cyto- 
chrome. The experiments have consisted essentially 
in generating the reduced csdochrome spectrum 
(b^ band) by incubating a suspension of Esch. coli 
anaerobically, and then adding DHA (also anaero- 
bically because the band disappears completely on 
aeration), and seeking to observe a weakening of the 
absorption hand due to oxidation of the cytoclirome 
by the DHA. 

The first observations were made visually. They 
indicated that the intensity of the band was 
decreased on adding DHA, but only slightly. 
Because it was difficult visually to be certain of the 
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oxidation of the band, when it was so incomplete, 
attempts were made to confirm the observations 
photographically, using the following technique. 

A suspension of Esch. coli containing approxi- 
mately 1-5 X 10“ cells/ml. wasprepared inphosphate 
buffer at pH 6'2. 2-5 ml. of this suspension were 
transferred to a glass cell of optical depth 5 nun. and 
the surface was flooded with liquid paraffin to 
maintain anaerobic conditions in the system, 
0*1 ml. 0-0625M-sodium formate was added (at the 
final concentration the dehydrogenase activity 



Kg. 1. Effect of dehydroascorbic acid on the fuUy reduced 
cytochrome 6j band in Esch. coli. 1 mg. DHA was added 
to 2-6 ml. suspension containing 1'5 x ceUs/ml. 

would be about half maximal), the cytochrome 
allowed to become fully reduced and the speotnun 
photographed. Urethane (0-1 ml. 50%, w/v), 
DHA (0-1 ml. 1 %'(w/v); to give maximal rate of 
reduction with respect to DHA concentration) and 
finally sodium dithionite, were added in turn and 
the spectrmn photographed after each addition. 
Both the urethane and DHA solutions were 
previously de-aerated by evacuation and held under 
liquid paraffin until required. A definite weakening 
of the cytoclirome 6^ band was recorded photo- 
graphically after the addition of DHA in such 
experiments. 

Attempts were then made to measure the degree 
of oxidation of the cytochrome band, by com- 
paring it in the microspectroscope with that of a 
standard suspension of Esch. coli in which the 
cytochrome had been completely reduced with 
dithionite. Using a suspension in which the bands 
had become fully reduced without added hydrogen 
donator, and to which urethane had then been 
added, it was estimated that the addition of DBA 
resulted in approximately 30 % diminution in the 
intensity of the cytochrome b^ band in 3njin< 
(Fig. 1), indicating 30 % oxidation of the reduced 
cytochrome. Hflien the urethane was omitted, and 
sufficient glucose included to reduce all the added 
DHA, the cytochrome (b^ band) changed from 70 to 
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90 % reduced in 2-6 hr. and could then be re- 
oxidized to the same extent as previously by the 
addition of more DHA. 

These observations appeared to reveal a con- 
nexion between the cytoclu’ome of Esch. coli and its 
ability to reduce DHA. It was soon evident, how- 
ever, that some organisms possessing cytochrome 
were rmable to effect this reduction: e.g. bakers 
yeast had been reported to be ineffective by 
Gunsalus & Hand (1941) and we confirmed this 
observation several times. It therefore seemed 
necessary to compare the ability to reduce DHA 
with the cytochrome complement in a represent- 
ative range of bacterial types. 

B. A survey of DHA-reducing ability and 
cytochrome complement in different genera 


carefully examined three strains of this species, and 
found no evidence of reducing power. Reference 
to the technique employed by Tkachenlto (1936) 
has led us to regard his evidence as inconclusive. 

(2) On examination of a strain designated 
Staphylococcus citreus winch failed to reduce DHA, it 
was found to possess a spectrum with well defined 
cytochrome h and' c bands, and further systematic 
examination revealed that it was, in fact, M. 
conglomeratus. It thus fell into line with the other 
Micrococcus species examined, namely M. auranti- 
acus, M. candicans, M. flavus, M. freudenreichii, 
M. luteus, M. lyso-deikticus and M. ureae. 

(3) Among the Gram-negative bacilli related to 
the coliforms and included in the family Enter o- 
bacteriaceae according to Bergey's Manual, 5th ed. 
(1939), Fujita & Kodama (1934) described one 


Some information was already available. The 
cytochrome absorption spectra for a variety of 
bacteria had been listed by Fujita & Kodama (1934) 
and by Frei et al. (1934). These lists were a guide in 
choosing types for test, though we always checked 
the quoted complement against that actually 
observed in the strains we used. Some informa- 


species {Bacillus prodigiosus syn. Serratia mar- 
cescens) as possessing cytochromes b and c. As we 
found species of Serratia able to reduce DHA, we 
examined their spectra and found that they 
possessed only a single band, and that the band 
remained single even on cooling in liquid air, a 
treatment which sharpens the bands and makes it 


tion had also been published about the types of possible to distinguish readily cytochromes b and c 
organisms able to reduce DHA, and as Stewart & (Keilin & Hartree, 1949). 

Sharp (1945) had reported that various staphylo- (4) The situation in the genus Bacillus was 
cocci and coliform bacteria are best able to bring particularly interesting. Our examination of strains 


about this reduction, we began by testing related 
organisms. 

Representative species of Eberthella, Erwinia, 
Escherichia, Proteus, Salmonella and Serratia were 
found to reduce DHA. Gunsalus & Hand (1941) 
reported that several strains of Aerobacter cloacae 
could also effect the reduction, though a British 
strain and two strains of A, acrogenes tested by us 
were found to be ineffective. Strains of three 
species of Staphylococcus were also found to be able 
to reduce DHA. The nomenclature in this paper 
follows Bergey's Manual of Determinative Bacteri- 
ology, 6th ed. (1939). 

Species from most of the above genera had been 
examined by Fujita & Kodama (1934) and found to 
exhibit the cytochrome bj band in place of the h 
and c bands of other types. Hence a series of types 
characterized by other cytocluome complements 
was next examined — species of Clostridium (1), 
Lactobacillus (1), Acetobacter (2), Pseudomonas (1), 
Bacillus (8), Micrococcus (7) and Sarema (1) — and 
all wore found to bo unable to reduce DHA. 

These observations suggested a correlation 
between ability to reduce DHA and the possession 
of cytochrome 6j, and our belief in this connexion 
was strengthened on careful examination of several 
npparentlj' irregular cases : 

(1) It had boon reported (Tkachenko, 1936) that 
DHA was reduced by Laciobacillus acidophilus. As 
species of this genus possess no cj^tochromo, wo 


of eight species (B. cereus, B. licheniformis, B. 
megatherium, B. mesentericus, B. mycoides, B. 
polymyxa, B. pumilus and B. subtilis) showed that 
none could reduce DHA though, on the other hand, 
Keilin (1934) had earlier reported that B. mega- 
therium possessed a cytochrome b^ band similar to 
that in Esch. coli and similar reports had been made 
in respect of B. subtilis (Frei et al. 1934). Further, 
Chaix & Roncoli (1951) have recently observed that 


yoimg cultures of several Bacillus species exhibit 
a single broad absorption band at 550-560 mp. 
which they provisionally identify as that of cyto- 
chrome 6j. Examination of the spectra of our 
Bacillus strains (in the state in which we tested 
them for DHA reduction) showed that they mostly 
possessed single C 3 dochrome bands similar to those 
described by Chaix & Roncoli. At first, these 
observations weakened our belief in the cormexion 
between DHA reduction and cytochrome b^. 
However, careful examination showed that the 
cjdochromo bands in these Bacillus strains were 
broader than the typical b^ bands of staphylococci 
and the Enterbbacteriaceae. On heating a sus- 
pension of B. pumilus to 80° for 20 min. in the 
presence of ditluonite, the long-wavelength side of 
the band disappeared, leaving a narrow band in the 
position of the typical c band. Again, examination 
01 the b^ band m B. cereus at the temperature of 
hqmd air showed a band centred at 552 ma. with 
famt shadmg on either side (possibly indicative of 
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two additional bands analogous to the spectrum 
found in old cultmes of B. suhtilis which contains 
cytochromes b and c), whereas under these condi- 
tions the conforms show a single band from 553 to 
560 m/i. with a barely perceptible maximum at 
557 mp. These observations lead us to conclude 
that the single band in Bacillus species is probably 
not identical with the classical band of the 
coliform organisms, which conclusion agrees 
with the inability of the Bacillus strains to reduce 
DHA. 

It seems, therefore, that ability to reduce DHA is 
confined to some strains within the genus Staphylo- 
coccus and the family Enterobacteriaceae, which 
contain typical cytochrome . 

Variation in DHA-rcducing capacity among 
strains. It has become certain, however, that a 
considerable proportion of organisms apparently 
containing a perfectly normal cytochrome are 
unable to reduce DHA. On further investigation of 
the two groups of reducing organisms mentioned 
above, it was foimd that some members of each 
were imable to reduce DHA. Six strains each of 
Staph, albus and Staph, aureus were provided by 
Dr R. M. Fry (Public Health Laboratory, Cam- 
bridge) and two strains of Staph, citreus (7415, 7990) 
were obtained from the National Collection of Type 
Cultmres (N.C.T.C.). Of these, one strain of Staph, 
albus failed to reduce DHA, Table 1 gives the 


1952 

(1945) stated that, of the strains of coliform 
organisms they tested, about half did not reduce 
DHA. 

With a strain of Esch. coli (N.C.T.C. 7277) which 
is imable to reduce DHA, experiments similar to 
those in section A did not reveal any alteration in 
the intensity of the cytochrome band on addition of 
DHA. Attempts to make similar observations with 
strains of Staphylococcus were indecisive because 
the cytochrome bands were too weak. 

DISCUSSION 

The results in the first half of the preceding section, 
suggesting on spectroscopic evidence that cyto- 
chrome 61 is oxidized by DHA, support, and are 
supported by, those in the second half, which 
indicate that a grouping of bacteria according to 
their complement of cytochromes will delimit a 
group of genera within which the ability to reduce 
DHA is confined. Taken together, the observations 
show that DHA can be reduced by hydrogen 
transported by cytochrome b^ but not by other 
cytochromes. 

These relations, be it noted, are those which 
obtain when dehydrogenases of the anaerobic type 
effect the reduction of DHA. With other hydrogen- 
donating systems different relations may hold: for 
example, glycine can act as a hydrogen donator for 


Table 1. Ability to reduce dehydroascorbic acid among members of the family Enterobacteriaceae 

(Numbers quoted are those of N.C.T.C. strains; other strains were supplied by Dr W. J. Dowson, Botany School, 
Cambridge.) 

Species 

Aerobacter aerogenes 
A. cloacae 

Eberthella belfasliensis (Bact. coli anaerogenes) 

Erwinia aroideae 
Erimnia carotovora 
Escherichia coli {Bact. coli Type I) 

Esch. coli {Bact. coli Type II) 

Esch. coli (irregular) 

Esch. freundii {Bad. coli Inter. I) 

Esch. freundii {Bad. coli Inter. II) 

Klebsiella ozaenae 
K. 'pneumoniae 
K. pneumoniae A 
K. pneumoniae B 
K. pneumoniae C 
K. rhinoscleromatis 
Proteus mdgaris 
Salmonella pullorum 
Serratia marcescens 
Serratia kielensis 


Eeducing strains 

Non-reducing strains 

— 

(2 unknown) 

(U.S. strains) 

(1 unknown) 

4450 

4174 

(1 unknown) 

— 

(4 unknown) 

— 

8196, (I unknown) 

8179, 8333 

8164 

— 



7275, 7277 



8165, 8166 

6072 

6071 



5053 



2794, (1 unknown) 



5054 



5055 



6056 



5047 

(1 imknown) 

— 

(1 unknown) 

— 

(1 unknown) 

(1 unknown) 

4619 

— 


occurrence of DHA -reducing ability in the strains 
of species from the Enterobacteriaceae which we 
have examined; about half are inactive. Similar 
results had in fact been recorded previously. 
Gunsalus & Hand (1941) and Stewart & Sharp 


DHA reduction (Eddy, 1952, Table 1), hut the 
dehydrogenase probably involved is an autoxi- 
dizable flavoprotein. Such a system might not be 
expected to show any relation to cytochrome, u 
the fact that cytochrome is not an essential in r- 
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mediate does not exclude the possibility that the 
dehydrogenase is capable of reducing it. 

It is not Imown why the cytochrome hj band is 
not fully removed by DHA. It may be either that 
the residual level of dehydrogenase activity in our 
experiments was sufficient to keep the cytochrome 
70 % reduced or, alternatively, that the oxidation- 
reduction potential of the AA/DHA system, as 
constituted in this case, was the same as that of 
70% reduced C5rtochrome b^. 

The inability of many organisms containing 
cytochrome to effect the reduction raises a 
further problem. As there is no evidence that this is 
due either to their cytochromes or cytochrome- 
reducing mechanisms, we suppose it to be due to 
lack of a mechanism linking oxidation of the cyto- 
chrome with reduction of DHA. In the previous 
paper (Eddy, 1962) theoretical considerations were 
given in favour of an enzyme activating DHA so 
that it can be reduced. The failure of some coliform 
bacteria to reduce DHA lends weight to these 
suggestions, and preliminary experiments have 
shown that the oxidation of leuco-Nile blue by 
DHA varies both in rate and magnitude, according 
to whether DHA-reducing or DHA-non-reducing 
strains of bacteria are present. 


SUMMARY 

1. In cell-free dehydrogenase preparations from 
Escherichia coli, which are unable to reduce de- 
hydroascorbie acid (DHA), the cytoclxromes are 
either absent or greatly decreased in amount. 

2. IVhen DHA is added anaerobically to a 
suspension of Escherichia coli the intensity of the 
• fully reduced cytochrome b^ band becomes dimi- 
nished by approximately 30%. 

3. Amongst organisms examined so far, ability 
to reduce DHA is confined to members of the genus 
Staphylococcus and the family Enterobacteriaceae, 
these being the groups in which the b and c cyto- 
chrome bands are replaced by the b^ band. 

4. Approximately half the members of the 
Enterobacteriaceae tested failed to reduce DHA, 
and it is suggested that a DHA-activating enzyme 
may be necessary in addition to cytochrome . 

The work described in this paper was carried out as part 
of the programme of the Food Investigation Organization 
of the Department of Scientific and Industrial Research. 
The authors wish to express their gratitude to Dr E. F. 
Hartree and Dr T. Mann, F.R.S. , for help and advice received 
from them. 
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Studies in Immunochemistry 

11 . THE ACTION OF DHUTE ALKALI ON THE .N-ACETYLHEXOS.AMINES 
•AND THE SPECIFIC BLOOD -GROUP MUCOIDS 


By D. AMINOFF, W. T. J. MORG.AN and WINIFRED M. WATKINS 
The Lister Institute of Preventive Medicine, London, S.W. 1 

{Received 21 September 1951) 


The increasing use within recent years of the 
colorimetric method introduced bj' Morgan & 
Elson (1934) for the detection and quantitative 
determination of the A’’-ncetylhexosamines calls for 
a more detailed studj' of the conditions necessary 
to obtain reliable and reproducible results and 
demands a more thorough understanding of the 
■Structural changes involved before the results can 


bo applied to complex structimes containing N- 
acetylhexosamine components, such as the blood- 
group mucoids. 

Ehrlich (1901) observed that mucins and mucoid 
substances give rise to an intense purple colour 
after heating with dilute allrali for a short, time and 
the addition of an acid solution of p-dimethyl- 
ammobenzaldehyde. If the alkaU treatment is 
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omitted no colour formation takes place. At about 
the same time Muller (1901) foimd that penta- 
acetylglucosamine after heating with dilute potas- 
sium hydroxide gave a similar coloiu on the addition 
of Ehrlich’s p-dimethylaminobenzaldehyde re- 
agent, and Zuckerkandl & Messiner-Klebermass 
(1931) subsequently suggested that a pyrroline 
derivative was formed from N-acetylglucosamino 
by the action of alkali, and that this substance 
reacted with Ehrlich’s reagent to yield a coloured 
complex. Morgan & Elson (1934) and Morgan 
(1938) considered that the formation of a pyrrol 
derivative was difficult to reconcile with the fact 
that N-trimethylacetyl-, N-o-bromobenzoyl- and 
iV-benzoyl-glucosamines gave a similar colour after 
treatment with dilute alkali and Ehrlich’s reagent 
and it was suggested that jV-acetjdglucosamine 
formed an oxazole or oxazoline derivative imder 
these conditions. Some oxazole preparations, made 
by condensing amides with a-halogenoketones 
(Blmnlein, 1884; Lewy, 1887) gave, without 
previous alkali treatment, a strong colour with the 
p-dimethylaminobenzaldehjffie reagent, and the 
production of an immediate coloixr by these sub- 
stances seemed to support the suggestion that N- 
acetylglucosamine was converted to a hetero- 
cyclic structrue of this kind. It has been Icnorni for 
some time, however, that the positive colour 
reaction given by the oxazole preparations is due to 
the presence of an impurity of imkno-wn nature in 
the materials examined and that if the oxazole is 
purified by precipitation as a complex with mercuric 
chloride (Cornforth & Comforth, 1947), it fails to 
give a positive colour reaction with p-dimethyl- 
aminobenzaldehy de . 

A number of authentic oxazoline derivatives 
were fmmd by Morgan (unpublished observations) 
to yield no colour with the p-dimethylamino- 
benzaldehyde reagent, but nevertheless Wliite 
(1940), on the basis of the results of methylation 
experiments, concluded that the formation of a 
glucoxazoline (2-methyl-4:5-glucopyrano-A^-oxa- 
zoline) occurred when JV-acetylglucosamine was 
treated with alkali. Morgan (1938) pointed out that 
two molecules of iV-acetylglucosamine might 
condense together and form a diglucopj^azine 
structure similar to that proposed earlier by Stolte 
(1908), who claimed to have obtained ditetra- 
hydroxybutylpyrazine from glucosamine. 

In an attempt to understand more fully the 
structiual changes which occru when the i\/^-acetyl- 
hexosammes are treated with dilute alkali under 
controlled conditions, such as those employed for 
their colorimetric determination, a study has been 
made of the ultraviolet absorption spectra given by 
these substances after treatment with dilute 
sodimn carbonate or with different buffer systems 
at known pH values, and of the light absorption of 
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the systems after the development of the purple 
colour following the addition of the p-dimethyl- 
aminobenzaldehyde reagent. A number of purified 
human blood-group substances which are mucoids 
and are kno\vn to behave with alkali and Elirlich’s 
reagent as do the N-acetylhexosamines, have been 
examined in the same manner. The isolation and 
identification of the substance which arises from 
the simple N-acetylhexosamines on treatment with 
alkali and which is responsible for giving the colour 
with Ehrlich’s reagent is being undertaken in 
collaboration with Dr J. W. Comforth. 

EXPERIMENTAL 
Materials' and methods 

N-Acetylglucosandne. A standard solution of A-acetyl- 
glucosamine (1 %) was kept at 2° and from this, suitable 
dilutions were made immediately before use. 

N-Acetylchondrosamine. The substance was prepared by 
the acetylation of chondrosamine hydrochloride with acetic 
anhydride in the presence of silver acetate. (Found: 
C, 42-9; H, 6-7; N, 6-3; CgHuOeN requires C, 43-4; H, 6-8; 
N, 6-3%. ) [a] 545 i + 131°->-98° (c, 0-5 in water); m.p. 162- 
164° (uncorr.). The material was foimd to be chromato- 
graphically homogeneous, a single component being ob- 
served when a solution of the substance was run in collidine, 
butanol, butanol-acetic acid, butanol-ethanol or in phenol 
according to the standard techniques used in paper chro- 
matography. The Ef value of the material in these solvents 
is very similar to that of A-acetylglucosamine run simul- 
taneously. After hydrolysis with 0’5 n-HC 1 for 16 hr. at 
100?, the material gave the full hexosamine colour corre- 
sponding to an equivalent weight of glucosamine hydro- 
chloride and chromatographic analysis of the hydrolysate 
revealed the presence of one component only, which had all 
the properties of chondrosamine hydrochloride. A 1% 
solution of A-acetylchondrosamine was kept at 2° and the 
appropriate dilutions made immediately before the ex- 
periment. 

■p-Dimelhylaminobenzaldehyde reagent {DMAB). A.B. 
grade p-dimethylaminobenzaldehyde was further purified 
by the method of Adams & Coleman (1944) and finally 
fractionated by the addition of water to an ethanol solution 
of the material. The crystals separating from solution 
within the range 50-75 % water are almost colourless and 
are suitable for use. The reagent was prepared by dissolving 
2 g. of the material in 100 ml. of A.R. glacial acetic acid 
which contains 2-5% (v/v) A.R. lOx-HCl. The solution, 
which possessed a very pale greenish yellow colour, was 
stored at 0° in small glass-stoppered bottles. A fresh bottle 
was opened for each experiment. The use of material which 
has been repeatedly thawed and frozen or allowed to stand 
at room temperature should be avoided. 

Eeducing sugars. DeterminedacoordmgtoSomogyi(1937). 

Fucose. Determined by the method of Disohe & Shettles 

(1948). . 

Glucosamine and chondrosamine. Determined as de- 
scribed by Elson & Morgan (1933) using hexosamine con- 
centrations of 10-40 /ig- as standards, a photoelectno 
colorimeter and a green filter (max. transmission 550 mp.), 
or a Hilger Uvispek spectrophotometer. 
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Buffer eolulions. As described by Vogel (1939). 

A substance. The material was obtained from a pseudo- 
mucinous cyst fluid (no. 122) according to the isolation 
procedures described by Aminoff, hlorgan & Watkins (1950). 
[aJsiBi-t-ir. N, 5-5% (Kieldahl). Total fucose, 18-3 o/o- 
Keducing power, expressed as glucose after acid hydrolysis, 
64%. Hexosamine, as base, 32%. 

B substance. The material was prepared from an ovarian 
cyst fluid by hir E. A. Gibbons. The substance showed 
general chemical properties similar to those recorded for 
group A substance. N, 6-8%. Total fucose, 18%. Reducing 
power, expressed as glucose after hydrolysis, 50 %. Hexos- 
amine, as base, 20%. 

H substance. Prepared according to Morgan & Waddell 
(1945) and Annison & Morgan (unpublished) from cyst 
fluids obtained from ‘secretors’ belonging to group 0. The 
material was found to be similar in general chemical 
properties to the groups A and B substances. N, 5*3%. 
Total fucose, 14%. Reducing power, expressed as glucose 
after hydrolysis, 54%. Hexosamine, as base, 31%. 
[“Isiei ~ 30° (c, 0-5 in water). 

'Lewis' Le* substance. Prepared as described by Annison 
& Morgan (1951) from a cyst fluid obtained from a 
‘Le\vis-positive’ patient. The substance, [a]548i-41“, con- 
tained N, 5-4%, total fucose, 13% and gave, after hydro- 
lysis with 0-5N-HC1 at 100°, 57% reducing sugars (as 
glucose) and 32% hexosamine (as base). 

Optimal conditions for the colorimetric 
determination of the 1^-acetylhexosamines 


contents of each tube again a few minutes before they are 
examined in the colorimeter or spectrophotometer. 

The relationship between the time of heating with 
carbonate solution and the intensity of the colour sub- 
sequently produced with a fixed amount of HIMAB reagent 
and expressed directly in terms of the galvanometer 
readings is given in Pig. 1. Under the conditions described 
the maximum colour was given by a solution which had been 
heated for 4 min. and it is evident that after this time the 
structure which gives rise to the coloured complex with the 
DhlAB reagent undergoes fairly rapid destruction, and it 
is therefore important that the period of heating with alkali 
should be accurately controlled. The length of the heating 
period which gives the optimal colour production on the 
addition of the DJIAB reagent varies somewhat according 
to the thickness and shape of the glass tubes selected, the 
heating conditions etc., and must be determined for each 
outfit. 



A re-examination of the general procedure used by 
Morgan & Elson (1934) for the estimation of the W-acetyl- 
hexosamines was first undertaken. 

Period of heating with alkali. A-Acetylglucosamine 
(20 pg.) was measured into each of several test tubes 
(20 X 1 cm.) graduated at 10 ml. capacity which were care- 
fully selected to possess walls of equal thickness. The sides 
of the tubes were washed down with water to yield a total 
volume of 1 ml., and O-l ml. of O'bN-NajCOs was added and 
the contents thoroughly mixed. Each tube was closed by a 
glass ampoule, the sealed neck of which was inserted into 
the tube. The ampoules contained 2-3 ml. of water and 
acted as condensers which prevented loss by evaporation 
during the short heating periods studied. The tubes were 
heated up to the level of the liquid contents in a vigorously 
boiling water bath, and at pre-arranged times up to a 
maximum period of 15 min., pairs of tubes were wthdrawn 
from the bath and immediately cooled in water at 0° and 
kept there until all tubes had been heated and cooled. 
Glacial acetic acid (A.R.) was then run into each tube from a 
separating funnel to yield a total volume of about 7 ml. and 
the DMAB reagent (1 ml.) was added. The volume of liquid 
in each tube was made up to 10 ml. by the addition of 
glacial acetic acid, was thoroughly mixed and the whole 
series of tubc.s allowed to stand at 20° in the dark. A tube 
containing all the reagents other than the A-acctylhexos- 
amine was included to servo as a reagent blank in each 
experiment. The colour intensity of each solution reached a 
maximum value after standing for 1-5 hr. at 20°. For 
routine purposes the intensity of the colour developed is 
conveniently measured in a simple photoelectric colorimeter 
using a green filter (max. transmission 550 mp.) and optical 
cells 2 cm. deep. In our experience it is advisable to mix the 


Fig. 1. The influence ofthe time of heating with NajCOs on 
the intensity of the colour produced on the addition of 
DMAB reagent. © — 0, A-acetylglucosamine; A — A> 
A'-acetylchondrosamine. 


A similar curve (Fig. 1) was obtained for A-acetyl- 
chondrosamine, but it was found that nearly five times as 
much of this amino sugar was required to give a solution of 
equal colour intensity. Several preparations of A-acetyl- 
chondrosamine gave similar results. The A-acetylchondros- 
amine chromogen which gives rise to the coloured DMAB 
complex is apparently less rapidly destroyed than is that 
derived from A’^-acetylglucosamine. The 4 min. heating 
period was optimal for quantities from 10 to 50 pg. of the 
two A'-acetylhexosamines treated as described above. 

Concentration of alkali. The influence of the concentration 
of Na.COs and of the period of heating on the amount of 
colour subsequently developed by A^-acetylglucosamine 
after the addition of the DMAB reagent was next examined. 
Amounts (20 pg.) of A’'-aoetylglucosamine were placed in a 
series of tubes with a solution of NagCOg of known strength 
and the total volume of the solution made up to 1-1 ml. uith 
water. The tubes were then heated in a boiling-water bath 
for predetermined periods, removed in pairs, cooled and 
treated with glacial acetic acid and DMAB reagent. Dupli- 
cate tubes containing 10, 20 and 30 pg. of A"-acetylglucos- 
amme were likewise heated for 4 min. to act as standards 
and the ma.ximum colour intensity reached by each pair of 
tubes, c.xpressed in terms of that given by the A^-acetvl- 
glucosamme standard, was plotted against the time of 
heating mth alkali. The results obtained when three series 
of tubes containing 0-1, 0-4 and 0-S ml. of 0-125 x-Na,CO 
respectively were e.xamined are given in Fig. 2. lY- Acetyl- 
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chondrosamine (100 fig.) was treated in the same manner 
and the results, expressed in terms of the colour given by 
.W-acetylchondrosamine heated for 4 min., are given in 
Pig. 3. It appears that under these conditions iV'-acetyl- 
chondrosamine requires a shghtly shorter period of heating 
■with alkah to yield subsequently its maximum colour than 
does A^-acetylglucosamine. 
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same pH (10-8), and with the same buffers at different pH 
values, on the maximum amount of colour finally obtained 
was investigated, using 0-2 ml. of buffer solution in plaqe of 
the O'l ml. of 0'5K-Na2C03 used in the ‘standard’ test. 
Where the heating period necessary to yield the maximum 
colour exceeded 30 min. the heating was carried out in 
sealed glass ampoules which contained a total volume of 



Time of heating (min.) 

Fig. 2. Effect of the concentration of NajCOa on the rate 
and intensity of the colour produced from Af-acetylglucos- 
amine on the addition of DMAB reagent. []] — 0, OT ml. 
0T25N-Na2CO3 ; © — 0, 0-4ml.0T25N-Na2CO3 ; ^ 

0-8 ml. 0-125N-NasC03. 

Conditions for the standard test. The results of these ex- 
periments allowed a set of conditions, the so-called ‘standard’ 
test conditions, for the estimation of the iV-acetylhexos- 
amines to be established. Thus, to a neutral solution of the 
test material contained in a total volume of 1-0 ml., OTO ml. 
of O'fiN-NajCOj is added and the solution is heated for 
4 min. in a vigorously boiling water bath, cooled and 
treated as described above. Standard solutions each con- 
taining 10, 20 and 30 pg. of A'-acetylglucosamine or 50, 100 
and 150 pg. iV-acetylchondrosamine, according to the 
aminohexose being examined, are included in each deter- 
mination made. Under the conditions described the pH of 
the reactants during the heating period is about 10'8. 

Influence of different buffer systems and pH values on the 
rate and intensity of colour development. The effect of heating 
A'^-acetylglucosamine with different buffer systems at the 



Time of heating (min.) 

Fig. 3. Effect of the concentration of Na2C03 on the rate 
and intensity of the colour produced from A'-acetyl- 
chondrosamine on the addition of DJIAB reagent. 
□— 0, 0-1 ml. 0-125N-Na2C03; 0—0, 0-4ml. 0-125N- 
Na2C03 ; A— A. 0-8 ml. 0-125N-Na2CO3. 

approximately 1'3 ml. and, subsequently, amounts (!•! ml.) 
of the cooled reaction mixture which' contained exactly 
20 pg. of A^-acetylglucosamine were pipetted into calibrated 
test tubes, glacial acetic acid and the DJIAB reagent added, 
and the colours allowed to develop in the usual way. The 
results obtained are given in Table 1. It was observed many 
years ago that the use of borate buffer at about pH ID’S in 
place of NajCOj at the same pH gave rise to considerably 
more colour, and the results set out in Table 1 confirm this 
early observation. The amoimt of colour obtained on 
addition of DMAB reagent to A-aoetylglucosamine heated 
with glycine buffer at pH 10'8 was almost identical with 
that obtained ■with NajCOs. 

The^ experiments were repeated using A-acetylchondros- 
amine, and the results (Table 1) revealed at once that the 
two amino sugars behaved qualitatively in a similar manner 


Table I. Amount of colour given by the Ifl-acetylhexosamines after treatment at 100° 
with different buffer solutions and the addition of DMAB reagent 


A’^-Acetylglucosamine A-Acetylchondrosamine 

— — - 


Alkaline system 

pH 

t 

Period of heating 
for maximum 
colour production 
(mm.) 

Amount of colour 
expressed as % 
of amount given 
by Af-acetylglucos- 
amine under 
standard conditions 

Period of heating 
for maximum 
colour production 
(min.) 

Amoimt of colour 
expressed as % 
of amount given 
by A-acetylglucos- 
amine under 
standard conditions 

‘Standard’ procedure 

10-8 

4 

100 

3-4 

23 

Potassium borate -fKOH 

9-0 

45 

152 

50 

40 


10-0 

12 

155 

15 

35 


11-0 

7 

156 

10 

30 

Glycine buffer 

100 

110 

97 

90 

25 

10-9 

40 

100 

40 

25 


12-2 

2 

77 

1-2 

12 
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■witk the different buffer systems but that in each instance 
^-acetylchondrosamine gave rise to a maximum amount of 
colour equivalent to about a fifth of that given by an equal 
weight of li^-acetylglucosamine. 

Goncenlraiion of ■g-dimethylaminobenzaldehyde. The in- 
fluence of the concentration of y-dimethylaminobenzalde- 
hyde in the DhlAB reagent on the intensity of the colour 
formed was investigated by the standard procedure. The 
DJIAB reagents used in the test series contained 1, 2 and 
4% (^/^) p-dimethylaminobenzaldehyde. The results indi- 
cated that increasing concentrations of p-dimethylamino- 
benzaldehyde in the Ehrlich’s reagent give rise to a small 
increase in colour for a constant amount of the ^-acetyl- 
hexosamine. The advantage gained by the development of 
an increased intensity of colour when using a more concen- 
trated solution of BMAB, however, is offset to some extent 
by a corresponding increase in the correction necessary to 
compensate for the enhanced yellorvish green coloration 
given by the reagent’s ‘.blank 


Absorption spectrum of the lH-acetylhexosamines after 
alkali treatment and the addition of DMAB reagent 


Amounts of JY-acetylglucosamine {20(xg.) and A^-acetyl- 
chondrosamine (100 pg.), selected so that solutions of 
approximately the same colour intensity would finally 
result, were treated according to the standard procedure 
and, after standing for 1-5 hr. at 20°, examined in the 
spectrophotometer over the wavelength range 350-610 mp. 
Control solutions were treated in the same manner except 
that the A^-acetylhexosamine and alkah mixture was not 
heated and no colour developed. The results are given in 
Figs. 4 and 5 and show that the y-acetylhexosamines give 
rise to a coloured complex with p-dimethylaminobenzalde- 
hyde which shows light absorption with maxima at 550 and 
590 mp. and a minimum at about 570 mp. No absorption 
peaks were observed between 350 and 600 mp. and this part 
of the curve is omitted in Figs. 4 and 5. 

The rate of development and fading of the colour was also 
followed, and it was observed that the maximum intensity of 



Fig. 4. Absorption spectrum of coloured complex derived 
from A^-acetylglucosamine after treatment with NajCOj 
and DJIAB reagent. Absorption after A, 1-5 hr., B, 4 hr. 
and C, 24 hr. 


Effect of concentration o/NaCl on the colour obtained. To a 
series of tubes each containing A^acetylglucosamine (20 pg. 
in 01 ml.) and 0-2 ml. of 0-125it.Na.COj, was added (a) 
water, (b) 1 % NaCl, (c) 3% NaCl, (d) 5% NaCl or (e) io% 
NaCl to j-ield a total volume of 1-1 ml. The resulting solu- 
tions were then treated by the standard procedure and the 
intensity of the colours finally obtained were read on the 
photoelectric colorimeter 0-5, 1, 1-5, 2 and 24 hr. after the 
addition of the DMAB reagent. The concentrations of NaCl 
uscdintheexperiments(5) and (c) gave rise to no appreciable 
change in the rate or amount of colour obtained as com- 
pared with that which arises using the ‘standard’ condi- 
tions. The colour development in the presence of the NaCl 
concentrations (d) and (c) was slower, and the maximum 
colour intensity obt,ained was less. 



Fig. 5. Absorption spectrum of coloured complex derived 
from A’-acetylchondrosamine after treatment with 
Na-CO, and DJLAB reagent. Absorption after A, 1-5 hr., 
B, 4 hr. and C, 24 hr. 

absorption of both peaks (550 and 590 mp.) was reached at 
20° in about 1-5 hr. after the addition of DJLAB reagent. 
On standing the colour fades, but the rate of fall in the 
absorption intensity at 690 mp. was faster than that at 
550 mp. The absorption intensity observed after the 
coloured solutions had stood for 4 hr. and 24 hr. for each 
A’-acetylhexosamine is given in Figs. 4 and 5. 

The two absorption peaks could be due to the interaction 
of one complex chromogenic structure or of two distinct 
chromogens with the p-dimethylaminobenzaldehyde. In 
order to determine if one of the absorption maxima arises 
from the presence of an intermediate product of the action of 
atkah on A -acetylglucosamine, specimens of this substance 
were heated at 100° for 1, 2. 4, 8 and 12 min. with 0-1 mi. of 
0 5 K-Aa.b 03 , treated with glacial acetic acid and DJLAB 
reagent m the usual manner and allowed to stand for 1-5 hr. 
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at 20°. The absorption curves obtained for a selected 
number of heating times, 3?ig. 6, demonstrate the similarity 
of the absorption after the different periods of heating, 
and show that the extent of heat treatment is reflected 
equally in the intensity of the absorption at 550 and 
at 690 mil. Similar results were obtained with iV-acetyl- 
chondrosamine. 

The coloured products obtained by heating iiT-acetyl- 
glucosamine and iV-acetylchondrosamine with different 
buffer systems at 100°, such as with potassium borate 
(pH 11) or glycine buffer (pH 10-9) in place of NajCOj, and 
subsequent treatment with the DMAB reagent, have the 
same absorption characters. In order to obtain a maximum 
colour uith these buffers, however, it was necessary to heat 
the borate and glycine buffer systems for 7 and 40 min., 
respectively, in place of the 4 min. heating required when 
NaaCOg was employed (see Table 1). 



Kg. 6. Effect of varying the time of heating .W-acetyl- 
glucosamine with NaaCOj on the absorption spec- 
trum of the coloured complex formed with DMAB. 
A, 2 min. heating; B, 4 min. heating; G, 8 min. 
heating. 

The green filter used in the photoelectric colorimeter 
employed for the routine measurement of the intensity of the 
colom- in the quantitative determination of the J7-acetyl- 
hexosamines gives a maximum transmission of 42% at 
550 mp. whilst at 670 and 590 mfi. the transmissions 
are about 34 and 20%, respectively. Thus the filter 
measures predominantly the intensity of absorption at 
550 mil. 

The exact amount of colour given by A^-acetylchondros- 
amine in terms of A'^-aoetylglucosamine was determined by 
measuring the colour developed from a series of standard 
amounts of A'^-acetylglucosamine (50, 60, 70 and 80pg.) and 
from 300 pg. of A'^-acetylchondrosamine. Measurements 
were made on the Uvispek spectrophotometer at 550 and 
590 mil. using cells 2 cm. deep. The results showed that at 
550 mp. 71±2pg. of A^-acetylglucosamine gave a solution 
of the same colour intensity as 300 pg. of A’^-acetylchondros- 
amine. At 590 mp. 68±2pg. of A^-acetylglucosamine were 
equivalent to 300 pg. of A'^-acetylchondrosamine. 
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Ultraviolet absorption of the N-acetylhexosamincs 
after heating with alkali 

A7-Acetylglucosamine (300 pg. in 3 ml. water) was run 
into a 15 ml. volumetric flask, 1-5 ml. of O-SN-NajCOa was 
added and the contents immediately made up to 15 ml. 
Half of the solution was heated for 4 min. at 100° and 
cooled; the remainder was unheated. The solutions were 
examined at once in the Uvispek spectrophotometer over 
the wavelengths 215-270 mp., the unheated portion of the 
solution, which itself showed a strong absorption at 217 mp., 
being used as the reference solution. The results are giVen in 
Fig. 7 and show that there is only a single absorption 
maximum and that this occurs at about 230 mp. The 
intensity of absorption at this wavelength is greatest after 
4 min. heating, that is, after the time of heating necessary to 
3 deld subsequently the maximum colour follo^ving the 
addition of the DMAB reagent. The intensity of the ab- 
sorption at 230mp. is directly proportional to the amount of 



Fig. 7. Absorption in the ultraviolet region of A'-acetyl- 
glucosamine and iV-acetylchondrosamine after heating 
withNajCOj. A’-Acetylglucosamine, O — ©, after about 

20 min.; 0 0, after 4 hr. iV-Aoetylohondros- 

amine, A — A> after about 20 min.; A A> 

4 hr. 

iV-acetylglucosamine heated with alkali and decreases on 
standing, with a slight shift in the position of the absorption 
maximum toward a longer wavelength. The absorption 
recorded after the alkali-treated A'-acetylhe.xosaniine 
solution had stood for 4 hr. at room temperature is also 
shown in Fig. 7. It is evident that the chromogenic struct^ 
is alkali-labile. The immedia^ addition of the DJM 
reagent after the optimal time of heating with alkah is 
essential if maximum colour production is to be obtame 
subsequently in the colorimetric determination. 

A'^-Acetylchondrosamine treated with dilute Na. 3 
under conditions identical with those described gives a 
similar absorption curve (Fig. 7) which likewise shows a 
maximum absorption at about 230 mp. It is to bo no e > 
however, that the maximum intensity of the absorption a 
230 mp. for M-acetylchondrosamine was considerably e 
than that given by an equal quantity of A^-acetylgIua° 
amine. 
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instance a structure is formed which gives a single ab- 
sorption maximum at about 230 mp. Solutions of equal 
concentration (200 pg./ml.) of dextran, glycogen, gum 
arable, mannocarolose, galactocarolose, and the specific 
polysaccharides of Shigella shigae and pneumococcus Type 
II gave no comparable amount of absorption over the same 
wavelength range and showed no characteristic absorption 
maximum at 230 mp. after treatment with alkali under the 
same conditions as were used for the group mucoids. 



Fig. 10. Absorption spectrum of colmired complex derived 
from blood-group mucoids. 0 — 0, Asuhstance; □ — □, 
B substance; x — x, H substance; A — A> Le* sub- 
stance. 

Alkali and DMAS reagent. The group substances (500 pg.) 
contained in 1 ml. water were heated with Od ml. of 0-6 n- 
NajCOj for 12 or 15 min. (see below), cooled and treated 
according to the standard procedure. The absorption 
spectrum of each group substance was measured over the 
range 600-610 mp. using the unheated group substance, 
which in no instance gave a purple colour under the test 
conditions, as the reference solution. Group mucoids so 
treated sometimes develop a slight opalescence which 
should be removed by the addition of 1 ml. water to all 
solutions just before the absorption intensities are measured. 
The results are given in Fig. 10 and indicate that absorption 


curves similar to those given by the A-acetylhexosamines 
were obtained. The points of maximum absorption intensity 
were again at about 550 and 690 mp. with a minimum at 
570 mp. 

The influence of the time of heating of the group mucoids 
with alkali on the intensity of the colour subsequently ob- 
tained on the addition of the DklAB reagent was investi- 
gated using the ‘standard’ procedure, and the results ob- 
tained (Table 2) in one instance (A substance) showed that 
the optimal period of heating is 12 min. Somewhat longer 
times, about 15 min., were required by B and H substances. 
It seems that a minimum time of 12 min. heating should 
he employed when measuring the ‘ A-acetylhexosamine’ 
colour given by the group mucoids. The polysaccharides 
used as control materials and mentioned above give no 
colour after heating with alkali for 15 min. and the addition 
of the DMAB reagent. 

The amount of colour obtained with A substance, after 
treatment with dilute NajCOj or one of the other buSers, is 
recorded in Table 2 where the results are expressed in terms 
of the absorption given by an equal weight of A-acetyl- 
glucosamine. The values obtained may be compared with 
those given for A-acetylglucosamine or A-acetylchondros- 
amine (Table 1) and show that heating the A substance 
with borate buffer gives rise to a material which shows 
about the same intensity of absorption as is obtained with 
glycine, or NajCOj, in contrast to the behaviour of the A- 
acetylhexosamines which give an enhanced colour when 
heated in borate buffer. The group substances give maxi- 
mum colour intensities equivalent to the absorption given 
by 7-10 % of their weight of A-acetylgluoosamine. 


The influence of oxidation of A substance 
071 the absorption spectrum 

Oxidation with sodium periodate. A maximum intensity of 
absorption was observed at 230 mp. with A substance 
oxidized with periodate at pH 5 for 7 hr. (Aminoff & 
Morgan, 1951) and treated with alkali alone. The addition of 
the DJLAB reagent gave rise to the production of a purple 
colour which showed two absorption maxima, at 650 and 
690 mp. A quantitative determination of the amount of 
‘ A-acetylglucosamine’ colom given by the oxidized A 
substance showed that there was probably no significant 


Table 2. Amount of colour given by blood-group A substance after treatment at 100° 
with different buffer systems and the addition of DMAB reagent 


Alkaline system 

pH 

0-1 ml. 0-125K-lSra2CO3 

10-8 

0-4 ml. 0-125N-Na2C03 

10-8 

0-8 ml. O-lflSN-NajCOj 

10-8 

Potassium borate -i-KOH 

90 


100 


11-0 

Glycine buffer 

100 


10-9 


12-2 


Period of 
heating for 
maximum 
colour 
production 
(min.) 

Amoimt of colour expressed 
as % of amoxmt given by 

N -acetylglueosamine* 

A 

(Observed) 

(Extrapolated 

value) 

35 

7-8 

9-2 

12 

6-8 

9-1 

10 

8-4 

10-7 

t 

— 

— 

80 

6-2 

7-1 

45 ' 

6-2 

7-9 

t 

— 

— 

160 

7-1 

8-5 

6 

6-2 

7-9 


t Maximum colour not reached after 4 hr. heating. 


* Under ‘standard’ conditions. 
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cliatige in this property as a result of oxidation with periodate. 
In these respects, therefore, the oxidized A substance 
behaves as does the untreated blood-group substance. 

Oxidation mih hypoiodite. The procedure described by 
MacLeod & Robison (1929) was used. A substance (6 ml. of 
0-5%) was added to 3-0 ml. of 0-1 Jf -I, and 2-0 ml. of 0'5u- 
NaaCOj contained in a 50 ml. glass-stoppered flask. The 
solution was kept at 22° in the dark for 7 hr., after which 
time oxidation was essentially complete and the serological 
activity of the A substance was largely destroyed. The 
oxidized mucoid was dialysed against distilled water at 0°, 
made up to a known volume and 600 /ig. were treated rtnth 
alkali according to the conditions described in the standard 
procedure for the determination of 2i7-acetylglucosamine. 
The oxidized and alkali-treatedmaterinl showed amaximiim 
absorption at 230 mp., but the intensity of absorption was 
less than that given by an equal quantity of tmoxidizcd 
material. The addition of the DSIAB reagent gave rise to a 
purple-coloured solution which showed two absorption 
maxima, at 550 and at 690 mp. A quantitative measure- 
ment of the ‘ A-acetylglucosamine ’ colour revealed that the 
A substance after oxidation with hypoiodite gave rise to 
about 80% of the colour intensity reached by the original 
A substance. A detailed account of the oxidation of the 
blood-group mucoids with hypoiodite will be given else- 
where. 

DISCUSSION 

The conditions usually employed for the colori- 
metric determination of the N-acetylhexosamines 
have been re-examined in some detail, and it is 
evident from the results obtained that these sub- 
stances undergo rapid structural change on treat- 
ment for a short time with hot dilute alkali or 
alkaline buffers, and that in each instance a sub- 
stance is formed which shows strong light absorp- 
tion between 220 and 250 mp. with a maximum 
absorption at about 230 mp. The gradual dis- 
appearance of the absorption maximum observed, 
however, indicates that the substance formed by the 
action of alkali is itself unstable in alkaline solution. 

The substances formed from the iV-acetylhexos- 
amines by the action of dilute alkali condense 
readily with p-dimethylaminobenzaldehyde in 
acetic acid to yield a solution of intense purple 
colour which shows characteristic absorption 
maxima at 660 and 590 mp. with a minimum at 
about 570 mp. (cf. Osaki & Turumi, 1947; Gott- 
schalk & Lind, 1949). In view of the unstable 
nature of the chromogenic material, it is essential for 
the quantitative determination of N-acetylhexos- 
amine that the p-dimethylaminobenzaldehyde 
reagent should be added and the test completed 
immediately the solutions under examination have 
been heated with alkali. 

Treatment of the N-acetylhexosamines with 
alltali under different conditions has revealed that 
increasing the concentration of NajCOa results not 
only in a more rapid formation of the chromogenic 
structure, but also brings about its more rapid 
destruction and, although the period of heating 


necessary to yield the maximum colour after the 
addition of the p-dimethylnrainobenzaldohydo 
reagent becomes shorter with increasing alkali con- 
centration, the actual amount of colour obtained 
decreases w’ith higher concentration of alkali. 
Extrapolation of that part of the curve which 
measures the rate of destruction of tlio chromo- 
gonic material gives a corrected value for the 
maximum colour intensity foimd. The corrected 
value obtained, however, is of no groat accuracy. 
It will bo noticed that the alkali concentration 
finally recommended ns suitable for the quanti- 
tative dotonnination of the ALncotylhoxosaminos is 
not that W'hich gives rise to the minimum destruc- 
tion of the chromogenic substances and conse- 
quontly to greatest coloiw intensity per unit weight 
of the A^-ncotylhoxosnmincs. TIjo alkali concentra- 
tion finally chosen was selected so that any slight 
buffer action of the solution under test would not 
alter significantly the pH of the solution dining 
treatment with alkali which should bo oloso to 
pH 10-8. Treatment of the A^-ncotylhexosamincs 
with borate buffer at pH 10-8 gives riso to an en- 
hanced colour production as compared with that 
obtained using sodium carbonate at the same pH. 

The interaction in an alkaline medium of simple 
hexoses and certain amino-acids wdtli the formation 
of a substance that gives with p-dimethylamino- 
benzaldehyde reagent a colour which closely 
resembles that given by iV-acotylglucosamine after 
similar treatment was first reported by Vosseur & 
Immers (1949) and subsequently confirmed by 
Gottschalk & Partridge (1950). The light absorption 
given by a mixture of lysine and glucose after 
treatment with dilute alkali has now been deter- 
mined, and it has been found that within the range 
210-300 mp. there is no characteristic absorption 
maximum similar to that given by the N-acetyl- 
hexosamines. The purple-coloured solution which is 
formed on the addition of the p-dimethylamino- 
beiwaldehyde reagent to the alkali -treated glucose- 
lysine mixtiu’e shows a single absorption maximum 
at 660 mp. and not two maxima at 650 and 590 mp. 
as is shown by the -N-acetylhexosamines after 
identical treatment. The product of the interaction 
of glucose and lysine, therefore, although giving a 
reddish purple colour with p-dimethylamino- 
benzaldehyde is nevertheless readily distinguished 
from that which arises from the N-acetylhexos- 
amines. The colour given in the ‘Direct Test’ of 
Osaki & Turumi (1947) appears to be due to an 
ammo-acid-sugar complex and not, as they suggest, 
to a different ring structure associated with N- 
acetylhexosamine. 


o — a AopuxLeu Dnat a purified 

mucoid w^ch was obtained from hog gastric mucin 
and which possessed mtense human blood-group A 
activity, gave a colour reaction after treatment with 


25-2 
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dilute alkali and p-dimethylaminobenzaldehyde 
similar to that given by N-acetylglucosamine. 
Subsequently it was suggested (Morgan & Waddell, 
1945; Morgan, 1947) that this colour reaction was a 
characteristic property of the blood-group mucoids. 
It is now Imown that solutions of essentially homo- 
geneous preparations of the blood-group mucoids 
which are responsible for the group characters A, 
B, the recently discovered ‘ Lewis ’ Le^ property and 
the so-called O (H) character of the tissue fluids 
and secretions, all develop a pmple colour after 
treatment with dilute allcali and the addition of the 
p-dimethylaminobenzaldehyde-hydrocliloric acid 
reagent. In each instance the maximum light 
ahsorptien of the coloured solution is foimd to be at 
about 550 and 590 mp., whereas the solutions of the 
material after alkali treatment alone show a single 
absorption maximum at 230 m/x. In both these 
respects, therefore, the grouiD substances behave as 
do the JV-acetylhexosamines. 

The blood-group substances require a minimum 
of about 12 min. heating with alkali to yield the 
maximum amount of colour with the p-dimethyl- 
aminobenzaldehyde reagent in place of the 4 min. 
heating necessary for the N-acetylliexosamines. 
The intensity of the colour given by the group sub- 
stances under these conditions varies somewhat for 
each group substance investigated, but is foimd to 
be equivalent to between 7 and 10 % of the colour 
intensity given by an equal weight of N-acetyl- 
glucosamine. It is to be noted that there is no en- 
hancement of colour production when a borate 
buffer of the same pH value is employed. 

Group A substance rendered serologically in- 
active by oxidation with sodium periodate at pH 5 
continues to yield a strong pmple colour after 
treatment with alkali and the addition of DMAB 
reagent (Aminoff & Morgan, 1951). It is now 
shown that A substance after oxidation with 
periodate and treatment with alkali shows a single 
absorption maximum at 230 m/i. and that the 
purple colour which subsequently arises after the 
addition of the DMAB reagent also shows ab- 
sorption maxima of imdimiaished intensity at 550 
and 590 mp. The A substance after oxidation with 
periodate therefore behaves as does the unoxidized 
material. Aminoff & Morgan (1951) considered that 
oxidation of the A substance with periodate left 
unchanged the reducing group and the JV-acetyl 
group of the iV^-acetylchondrosamine end unit, to 
allow for the formation of the chromogenic structure 
on treatment with alkali, and the results of the 
absorption studies now reported with A substance 
oxidized with periodate appear to support this 
suggestion. 

Oxidation of the A substance with sodium 
hj’poiodite, on the other hand, forms a substance 
which gives a reduced ‘iV-acetylglucosamine’ colour 
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value after alliali treatment and the addition of 
p-dimethylaminobenzaldehyde. It seems probable 
that oxidation of the A substance with hypoiodite 
converts the aldehyde group of the i^-acetyl- 
chondrosamine residue present as a reducing end 
group into a carboxyl group. Such a change would 
result in the end residue being unable to form a 
clu-omogenic structme on treatment with nlkaH and 
in consequence the oxidized A substance would 
yield withp-dimethylaminobenzaldehyde asolution 
of diminished colour intensity. As JV-acetyl- 
chondrosamine gives about one-fifth of the amount 
of colour given by A^-acetylglucosamine it must be 
concluded that N-acetylglucosamine contributes to 
the total colour given by the A substance. Aminoff 
& Morgan (1949, 1951) suggested that the terminal 
N-aeetylchondrosamine residue is linked to C atom 1 
of its neighbouring N-acetylglucosamine residue 
and that treatment of the A substance with alkali 
under the conditions used for the determination of 
N-acetyUiexosamine hydrolyses this glycoside link- 
age and thus transforms the penultimate N- 
acetylglucosamine into a reducing end group and 
renders it susceptible to the action of alkali with the 
consequent formation of a chromogenic structure 
which gives a coloured complex with p-dimethyl- 
aminobenzaldehyde (cf. Morgan, 1946). If the total 
colour given by the A substance after treatment 
with alkali and p-dimethylaminobenzaldehyde 
arises in this way from N-acetylchondrosamine and 
N-acetylglucosamine units then the decrease in the 
colom: intensity to be expected from A substance 
after treatment with hj'poiodite will be about 18 % 
of the original value expressed in terms of N- 
acetylglucosamine. A decrease of this order has 
been found. The action of alkaline hypoiodite and of 
dilute alkali on such complex materials as the blood- 
group mucoids is, however, far from straight- 
forward, and the results of further work must be 
awaited before the changes brought about can be 
fully rmderstood or the results obtained used to 
establish the presence of definite structures within 
the blood-group mucoids. 

SUMMABY 

1. The conditions for the colorimetric determina- 
tion of the iV-acetylhexosamines have been re- 
investigated. 

2. The period of heating necessary, and the 
maximum amount of colom obtained, when iV- 
acetylglucosamine is treated with alkali and thep- 
dimethylaminobenzaldehyde reagent, depends not 
only on the pH of the system but also on the nature 
of the buffer employed. Borate buffer gives an 
enhanced colour production. 

3. A'-Acetylchondrosamine behaves 

but the intensity of the colour given is about 2 /o 
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of that obtained -ndth an equal weight of A^-acotyl- 
glucosamine. 

4r. The N-acetylliexosamines after treatment 
with alliali show a single maximum absorption at 
230 mp. and after the addition of the p -dimethyl- 
aminohenzaldehyde reagent the purple colour which 
develops shows two absorption maxima, at 550 and 
at. 590mp. 

5. A mixture of glucose and lysine heated with 
sodium carbonate shows no characteristic absorp- 
tion maximum at 230 mp. The purple colour ob- 
tained on the subsequent adchtion of p-dimethyl- 
aminobenzaldehyde reagent shows a single ab- 
sorption maximum at about 560 m/x. 

6. The human blood-group mucoids yield 
between 7 and 10 % of the colour intensity given by 

. an equal weight of iST-acetylglucosamine, and there 
is no enhanced colour production when a borate 
buffer is employed. The absorption characteristics 
of the chromogenic substances which arise from the 
group substance after heating with alkali, and of the 
coloured product obtained on the addition of the 


p-dimothylaminobenzaldohydo reagent support tho 
belief that tho colour given by tho group substances 
arises from reducing A^-acotylchondrosamino end 
groups and closely linked A’^-ncotylglucosamino 
residues, which aro readily liberated by tho action 
of alkali. 

7. Tho A substance, after oxidation with hypo- 
iodito, gives rise to a coloured complex on treatment 
with alkali and p-dimothylaminobonzaldohydo 
which shows a reduced absorption intensity com- 
pared with that given by tho imoxidizod material. A 
substance oxidized with periodate and treated vindor 
similar conditions shows no docrenso in absorption. 
The significance of these findings is discussed. 

The investigation was supported by personal grants made 
to two of tho autliors (W.Jl.W. and D.A.) by the Medical 
Research Council and the Governing Body of the Lister 
Institute respectively. The authors arc indebted to tho 
University of London Research Fund for a grant to purchase 
tho U^dspok spectrophotometer used. We wish to acknow- 
ledge our indebtedness to Miss V. Hayes and Miss J. Pugh 
for valuable technical assistance. 
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A Study of the Breakdown of Ribonucleic Acid in Tobacco -leaf Extracts 


By G. PARKER* 

Bothamsted Experimental Station, Harpenden, Herts 


(Beceived 18 October 1951) 


There is an extensive literature on the preparation 
of ribonucleic acids and. their degradation products 
from animal tissues and micro-organisms. By con- 
trast, apart from the isolation of certain plant vims 
nucleoproteins, little work has been undertaken 
imtil recently, on the preparation of ribonucleic 
acids from plant material. 

♦ Present address: The DistUlers Co, Ltd. Speke 
Liverpool 19. ^ ’ 


Foreman (1938) suggested the presence of 
nucleoprotein in leaves of perennial rye grass, to 
e^lain the fact that cytolysed leaves yielded only 
30 ^ of their phosphorus on extraction with boiline 
water whereas leaves previously dried at 85' 
yield^ all their phosphorus by cold water extrac- 
tion. The occurrence in, and isolation of, ribonucleic 
^barley, rye and spinach has been 
reported by von Euler & Hahn (1947, 1948). These 
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workers used an alkaline extraction method similar 
to that employed by Schmidt & Thannliauser 
(1945) for animal tissues. Takasugi (1943, 1944) 
used 10 % sodium chloride solution to extract the 
nucleic acids from barley roots. Ogur & Rosen 
(1950) used perchloric acid for the separate extrac- 
tion of ribo- and deoxyribo -nucleic acids from com 
root tips. 

Pirie (1950) has described the isolation of a ribo- 
nucleoprotein from the sap of the leaves of healthy 
tobacco plants. As prepared, this material, whose 
concentration in sap varies with the age of the leaf, 
is associated with enzymes (ribonuclease and phos- 
phatase) capable of bringing about its degradation. 
Pirie was able to obtain the nucleic acid from fresh 
preparations of this nucleoprotein by denaturation 
of the protein with trichloroacetic acid (TCA), but 
he could only isolate degradation products of the 
acid after such precipitation from sap which had 
not been ultracentrifuged. It appeared of interest 
to examine these degradation products more 
closely, and the work reported in the present paper 
deals with the preparations of various phosphorus- 
containing fractions obtained from sap by chemical 
and enzymic degradation of the nucleic acid moiety 
of the trichloroacetic acid sap precipitate which 
contains this nucleoprotein. 

IdATERIALS AND GENERAL 
PROCEDURES 

Preparation of sap-trichloroacetic acid precipitate 

and of chloroplast-trichloroacetic acid precipitate 

Leaves, between 10 and 20 cm. long, of tobacco {Nicotiana 
iahacum var. White Burley) from plants grown in a heated 
glasshouse were used for most of the work. Single experi- 
ments confirming the results obtained with tobacco have 
also been carried out with the leaves of turnip, spinach, 
French bean, comfrey, snowberry and grass, and oat and 
barley seedli n gs. Unless stated otherwise, results quoted in 
the text refer to tobacco. The leaves were taken at aU 
periods of the year; different batches consequently probably 
differed in age, but no attempt has been made to analyse the 
results for possible seasonal variations in composition. 

The midribs were removed from the leaves and the lam- 
inae passed through a domestic mincer and squeezed on 
madapoUam into a receiver cooled in ice. The residue was 
re-minced and squeezed again. Cell debris, chloroplasts and 
starch granules were removed by centrifuging for 16 min. in 
a chilled angle centrifuge at 8000 rev./min. (6400g'). The 
supernatant fiuid, which is subsequently referred to as sap, 
was stored at 4° and used within 30 min. of preparation. 
Unless otherwise stated, it was treated with 50% (w/v) 
trichloroacetic acid (TCA) to a final concentration of 5%. 
The precipitate was centrifuged down at once and washed 
several times, first with 2 % (w/v) TCA and then with water, 
the volume of wash liquor in each case being about half that 
of the sap, until the washings contained only 1—2 [ig. P/ml. 
The solid residue is subsequently termed sap-TCA pre- 
cipitate. 
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The chloroplasts, separating from crude sap as a sticky 
layer overlying the starch, were roughly separated from the 
latter by scraping with a spatula. They were washed twice 
with distilled water and were then dispersed to give a sus- 
pension which was used immediately after preparation. It 
was precipitated with TCA and washed in the same way as 
the sap, and is referred to subsequently as chloropIast-TCA 
precipitate. 

Analytical methods 


Phosphorus. This was determined by a modification of the 
method of Kuttner & Lichtenstein (1932). Inorganic 
phosphate values were obtained on samples which had not 
been incinerated. P retained by samples containing Ba was 
estimated by incineration with HjSOi imtil the sample 
dissolved completely: after dilution, the precipitate was 
centrifuged down, and the inorganic phosphate content of 
the supernatant liquid measured. 

Ribose. Total ribose estimations were made by the orcinol 
method of Pirie (1936) using ribose standards. The colour 
developed was measured in a photoelectric absorptiometer 
(the Evans Electroselenium Portable model was used) 
using Ilford filter 622. 

Values for purine-boimd ribose were obtained by the 
Markham & Smith (1949) modification of Militzer’s (1946) 
orcinol method. The colour developed was read in the 
absorptiometer against that due to ribose standards, using 
Ilford filter 205. 

Purines. These were determined in n-HjSOi hydrolysates 
by the following methods. 

Adenine. This was estimated colorimetricaUy by Wood- 
house’s (1950) method, modified by the use of twice the 
concentration of ammonium sulphamate recorded by Wood- 
house. This avoided difBoulties, otherwise encountered, 
through incomplete decomposition of excess nitrite, which 
led to production of cloudy solutions. 

Guanine. The method of Williams (1950) was employed. 
Standard guanine solutions were subjected to precipitation 
along with the samples, and the colour developed with the . 
phenol reagent was read, using Ilford filter 608. 

Totalpyrimidines. These were obtained in the free form by 
the method of Daly, Allfrey & Mirsky (1950), and were then 
determined by the colorimetric procedure of Soodak, Pircio 
& Cerecedo (1949) using standard uracil solutions and Ilford 


filter 608. , 

Phosphatase activity. This was determined using, as sub- 
strate, solutions of sodium )3-glycerophosphate and meta- 
phosphate, and yeast adenylic acid. The reaction mixture 
comprised substrate solution at pH 6, 0-02M-sodium citra e 
buffer, pH 6, enzyme solution or suspension, and water to 
a total volume of 5 ml., and contained 100 yg. P/ml. It '"’as 
incubated at 37°. Samples were withdrawn at intervals an 
pipetted into an equal volume of 10% (w/v) TCA: a cr 
centrifuging at 1500 rev./min. for 10 min., the superna an 
fluid was poured off and analysed for inorganic phospliate- 
Control reaction mixtures, from which the enzyme pm 
parations and the substrate were individually / 

were set up initiaUy. They were found to give such low Wan ^ 
values as to be unnecessary, and were omitted in t e a 

experiments. . j , .-minine 

Ribonuclease activity i This was measured by de 
the amount of P becoming soluble in the uranyl m ra 
TCA reagent of McFadyen (1934) after action of the en^ 
preparation on yeast ribonucleic acid. The reaction m 
comprised a solution of the acid brought to pH 6, pun 
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the method of Visoher & Chargaff (19486), 0’02M-sodium 

citrate buffer, pH 6, enzyme solution or suspension, and water 
to a total vol. of 5 ml., and contained 100 pg. P/ml. It was 
incubated at 37°. Samples were removed at intervals into 
1 ml. of the uranyl reagent, chilled at 0° for 16 min. and then 
centrifuged at 1500 rev./min. for 10 min.; the supernatant 
fluid was poured off and an appropriate volume taken for 
total P analysis. As in the case of the phosphatase deter- 
minations, control reaction mixtures omitting enzyme or 
substrate were found to be unnecessary, and were only set 


for 24 hr.: these were decomposed with HjS 04 in the same 
way. 

In Table 1 is given the distribution of P between the 
residue insoluble at pH 9, the nucleotide preparations and the 
protein precipitates in the above procedure. These three 
fractions comprise the bulk of the P originally present in the 
sap-TCA precipitate. The remaining 10% was mostly found 

Table 1. Distribution of phosphorus in some 
fractions of sap 


up in a few preliminary experiments. 

The optimum pH for nuclease activity was obtained in a 
similar reaction mixture, using the Michaelis (1931), 
veronal-acetate bufier (1-0 ml. of the diluted stock solution 
in 5 ml. total reaction mixture) of appropriate pH. The pH 
of the reaction mixture was determined at the beginning and 
the end of the experiment, but showed no signs of drift 
during the reaction at any pH employed. 

Paper chromatography. Purines and pyrimidine nucleo- 
tides were separated on Whatman no. 1 or no. 11 paper 
using the <ert.-butanol-HCl solvent system of Smith & 
Markham (1950). They were located on the paper by the 
mercury reagents of Vischer & Chargaff (1948a) and by 
viewing in suitably filtered ultraviolet light (Holiday & 
Johnson, 1949). 

TJliraviolet absorption spectra. These were obtained with a 
Hilger absorption spectrograph. 

pH measurements. These were made with a glass electrode. 

RESULTS 


P, ns % of total of 

, 

Sap-TCA pH 9 

Fraction Sap precipitate extracts 

pH 9-insolublo residues 1-3 5-16 — 

Mononucleotide preparations 7-10 40-55 50-05 

Protein precipitates 3-8 20-35 20-40 

associated with the BaS 04 precipitates obtained by decom- 
position of the barium nucleotides. Small amounts were also 
found in the precipitates sometimes obtained with Ba++ at 
pH 9 before addition of ethanol, and in tho aqueous eth- 
anolic supernatants remaining after precipitation of tho 
‘second crop’ nucleotides. In this ivay it is possible to 
account for a total of over 95% of tho P of tho sap-TCA 
precipitate. 

In a single experiment, several of the aqueous ethanolic 
solutions remaining after precipitation of two crops of 
nucleotides were pooled and evaporated to one-tenth 
volume in vacuum, but attempted precipitation of further 
nucleotides by Ba(OH )2 and ethanol yielded no baiyta- 


Fractionation of sap -TO A precipitate; preparation 
and properties of mononucleotide solutions 

Sap-TCA precipitate, prepared as described, was mixed with 
water to a thin paste, cooled to 0° and brought to pH 9 with 
0'5N-NaOH. Partial solution occurred. After standing 
overnight at 4°, the mixture was centrifuged at 8000 rev./ 
min. (6400g) and the supernatant decanted. The residue was 
re-extracted with NaOH, pH 9, at 4° for several hours, 
again centrifuged down and then washed with a little water. 
The combined dark brown extracts, the total volume of 
which was approximately one-third that of the original sap, 
contained much of the protein originally present in the sap- 
TCA precipitate. This was thrown out by progressive acidi- 
fication to a pH of approximately 6, 5 and 4. At each pH the 
precipitate was centrifuged down and washed with a little 
water, the washings being added to the main supernatant 
before the pH was readjusted. The almost colourless pH 4 
supernatant contained no nucleic acid as it gave no pre- 
cipitate on acidifying to pH 1 or less. It was treated with 
saturated BalOHlgSolution to pH 9 and stood overnight at 
■ 4°. Any precipitate separating was centrifuged out, and the 
nucleotides were precipitated from the supernatant with 
3 vol. of 95% ethanol at 4°. The barium salts were dissolved 
in the minimum volume of water and decomposed with 
0*6 n-H 2SO4 to pH 3. Precipitated BaS 04 centrifuged 
down and washed with a little water, and the combined 
supernatants were treated with a little Ba(OH) j solution and 
quantitatively freed from Ba++ ions with 5 % (w/v) Na^SOt 
before finally centrifuging clear. The aqueous ethanolic 
supernatant remaining after separation of the barium 
nucleotides usually yielded a second crop of barium salts 
when treated ^vith more Ba/OH), solution and stored at 4° 


soluble, ethanol-insoluble material. 


The figures in Table 1 vary somewhat with each batch of 
sap. This is not surprising. Variations are to be expected 
from causes such as differences in ago of leaves taken at 
various times of the year, the use of different samples of soil 
in growing the plants, and unavoidable variations in tho 
experimental technique with different lots of leaves. The 
values given are the extreme ranges obtained with several 
different batches of sap. 

No precipitate was produced in the preparations by solu- 
tions of uranyl nitrate in TCA at a pH of less than 1, but 
addition of alkali caused mononucleotides to 'be thrown 
down, maximum visible precipitation occurring in the range 
pH 1-5-2 (cf. Zittle, 1946). Treatment with picric acid had 
no effect, but Buell’s (1943) aluminium picrate reagent gave 
immediate yellow precipitates containing the adenylic acid 
and most of the guanylio acid of the preparations. Pyri- 
mitoe nucleotides are not precipitated by this reagent but 
their occurrence was indicated by the presence of a sub- 
Btantial proportion (60-60%) of the initial P in the filtrates. 
Confirmation was obtained in later experiments, when 
paper chromatography of preparations after 60 min. 
hydrolysis in n-HCI showed the presence of the four com- 
ponents, adenine, guanine, cytidylio and uridylio acids, 
typical of ribonucleic acids. 


or xne type described, aU carried out 

on first crop nucleotide preparations, indicated that these 

contamed more pyrimidine than purine bases. This was 
supported by analysis of the preparations for purine-bound 
n ose, indicated that this accounted for some 40% 
the total carbohydrate. Confirmation was obtained bv 
analyses of the preparations for purine and pyrimidine 
content. Typical results are shown in Table 2, ^oh also 


[ 
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Table 2. Purine and pyrimidine composition of two nucleotide preparations 

(In exp. 1, 1 1. sap contained 191 mg. P. It gave a sap-TCA precipitate containing 27-3 mg. P, and yielded 15-3 mg. P 
in nucleotide preparations. In exp. 2, the sap had 179 mg. P/1, and gave a sap-TCA precipitate containing 45-3 mg. P 
and yielded 17-7 mg. P in nucleotide preparations. ‘First crop’ indicates nucleotides obtained from the initial baiyta- 
soluhle, ethanol-insoluble precipitates; ‘second crop’ preparations resulted from addition of more Ba( 0 H )2 to the super- 
natants from the ‘first crop’ precipitates. The composition of the nucleotide preparations is given as molecules base/100 
atoms P.) 

Total 

Exp. Fraction Adenine Guanine pyri midin es p 




(molecules/lOO atoms total P) 

(atoms) 

1 

First crop 

2-2 

32-8 

58-9 

93-7 


Second crop 

0-6 

4-6 

1-2 

6-3 


Total 

2-8 

37-4 

60-1 

100 

2 

First crop 

1-5 

26-7 

■ 65-0 

90-4 


Second crop 

31 

5-1 

1-6 

9-6 


Total 

4-6 

31-8 

66-6 

100 


Table 3. Effect of removal of lipids upon yields and composition of nucleotide preparations 


(Two equal portions of sap, from the same hatch of leaves, were precipitated with TCA. The sap-TCA precipitates were 
fractionated for nucleotides as described in the text, one being treated with lipid solvents before fractionation. ‘First’ and 
‘second’ crops have the meanings designated in Table 2. The composition of the preparations is given as molecules base/ 
100 atoms P. Results of experiments on two separate lots of leaves are presented: (1) the sap (1 1., 231 mg. P) gave 
45-5 mg. P in the sap-TCA precipitate. If lipids were not removed 21-2 mg. P were recovered in nucleotide preparations: if 
lipids were removed before fractionation, only 14-7 mg. P were so recovered ; (2) the sap (1 1., 183 mg. P) gave 37-8 mg. P in 
the sap-TCA precipitate. This yielded 16-5 mg. P and 13-6 mg. P respectively as nucleotides following fractionation in 
presence and in absence of lipi^.) 

Total 

Adenine Guanine pyrimidines Phosphorus 



Fraction 

Sap 1 

Sap 2 

Sap 1 

Sap 2 

Sap 1 

Sap 2 

Sap 1 

Sap : 




(molecules/lOO 

atoms total P) 


(atoms) 

Lipids present 

First crop 

2-2 

2-3 

29-9 

19-4 

57-1 

63-8 

90-1 • 

85-2 


Second crop 

0-6 

0-6 

4-0 

6-7 

3-5 

5-8 

9-9 

14-8 


Total 

2-8 

2-9 

33-9 

26-1 

60-6 

69-6 

100 

100 

Lipids absent 

First crop 

0-4 

0-2 

32-5 

30-4 

42-7 

52-8 

78-2 

86-9 


Second crop 

3-9 

1-7 

10-5 

6-4 

7-0 

4-9 

21-8 

13-1 


Total 

4-3 

1-9 

43-0 

36-8 

49-7 

57-7 

100 

100 


shows that in the ‘second crop’ preparations this order is 
reversed and purines predominate. However, the total 
amount of pyrimidines in the ‘first’ and ‘second’ crops 
from any one batch of sap is always considerably greater 
than the total amount of purines. 

Effect of ageing sap-TCA precipitate on phosphorus 

distribution 

A small number of experiments was carried out on sap- 
TCA precipitates which had been left in contact with their 
TCA supernatants at room temperature for some hours 
before collection. The results were rather variable. How- 
ever, the sap-TCA precipitate collected immediately after 
preparation usually contained somewhat more P than did 
the corresponding precipitate, from an equal volume of sap, 
allowed to age for some hours before it was collected. The 
difference increased the longer the precipitate was left to 
age. Aged precipitates yielded less P in the pH 9 extracts 
than did the fresh precipitates, but these extracts yielded 
protein precipitates which retained more P than did fresh 
sap-TCA precipitate extracts. Invariably, ageing of a sap- 
TCA precipitate led to reduction in the amount of P that 
was isolated in the nucleotide preparations. 


Effect of removal of lipids from the sap-TCA pre- 
cipitate upon yield and composition of the nucleo- 
tide preparations 

Two equal volumes of a sap were precipitated with TCA 
and the precipitates washed in the usual maimer. One pre- 
cipitate was subjected to alkaline fractionation immediately. 
The other was extracted once with 95 % ethanol and then 
with ethanol-ether (7:3, v/v) until the extracts were colour- 
less: the residue was washed with water and then fraction- 
ated for nucleotides. Results of typical e.xperiments are 
given in Table 3. This shows that removal of lipids from 
the sap-TCA precipitate lessened the amount of P whic 
could be isolated as nucleotides. This was reflected in t e 
total amount of pyrimidines present in the nucleotide pre- 
parations. The purine contents were affected to 
much smaller extent and the change may not be si^incan 
as it is diflacult to ensure absolutely identical conditions 0 
fractionation for each half of the hatch of sap. The amoaa 
of P separating with the protein precipitates during fre e 10 
ation was correspondingly greater in these cases than in 
parallel experiments on precipitates from which t e ip 
were not removed. Removal of lipids from the sap 
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Dinlj’sis was investigated ns a means of separating 
nucleotides and nuelcosidcs from tmdegraded riboniieleic 
acid and polynucleotide material following incubation of 
the pH O-insoluble samples. Portions were suspended in 
water, adjusted to pH 7 and incubated at 37 for 2^1—36 br., 
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precipitate had no effect upon the amount op which could 
be subsequently removed from the material insoluble at 
pH 9. This is described more fuUy in a subsequent section. 


Further fractionation of pooled pH Q-insolublc 
residues and protein precipitates 

In a few preliminary experiments, the residue remaining 
after two extractions of the sap-TCA precipitate was pooled 
with the protein precipitates and refractionated after a 
further TCA precipitation. Table 4 shows that some 70 % of 
the P remained in the TCA supernatant. Most of the P 
precipitated was either not extracted at pH 9 or precipi- 
tated along with the proteins again, only 6-16 % (i.e. 2-6% 
of the initial total) being finally obtained in nucleotide 
preparations. 

Table 4. Phosphorus distribution during fractiona- 
tion of pooled pH ^-insoluble residues and protein 
precipitates 

(The figures refer to three separate fractionations of 
pooled material) 

Percentage total P in : 

5 % TCA supernatant 70-2, 71-4, 63-0 

Nucleotide preparations 4-5, 1-9, 6-1 

Percentage P of TCA precipitate in : 

pH 9-insoluble residues 38-6, 29-4, 61'6 

Nucleotide preparations 14-9, 6-4, 11-6 

Protein precipitates 25'2, 47-3, 22-7 


Phosphorus content of pH 9-insoluble residues 

The residue from sap-TCA precipitate after two extrac- 
tions at pH 9 usually consisted of a gel which did not sedi- 
ment cleanly at 8000 rev./min., and still contained 5-16% 
of the P of the sap-TCA precipitate. The material was diffi- 
cult to mix effectively with extracting liquid, but 50-60% 
of its P could be removed by repeatedly washing with water 
(Table 5). If the material were given a preliminary treat- 
ment with 5 % (w/v) TCA and then washed several times 
with water, a larger proportion (70-80 %) was extracted. 
This is probably due to the change in texture of the material, 
on treatment with the TCA, to a hard, granular form, 
readily sedimenting at 1500 rev./min., for, in samples that 
had been washed several times with water until no more P 
was extracted, treatment of the residues with 5% (w/v) 
TCA liberated more P and in this way 70-80% of the 
original amount eould again eventually be extracted. 

Effect of incubation on the pH 9-insoluble residues 

Increases in the amount of P that could be extracted by 
water from the pH 9-insoluble preparations, were observed 
on raising the temperature and extending the time of con- 
tact between the solvent and the sample. Lipid-free 
material incubated aseptically with water at 37° for 2-3 days 
yielded 80-90 % of its P in water extracts. Samples thus 
treated did not liberate further P by subsequent treatment 
with TCA. The increased liberation is probably due to 
enzyme activity, as small amounts of inorganic phosphate 
were present in the extracts. Furthermore, when these 
extracts were treated with BueU’s (1943) reagent the amount 
of P present in the precipitates inereased with time to a 
maximum vjvlue after 2 days’ incubation. 


Table 5. Liberation of phosphorus from pH 9- 
insolublc residues by further solvent action 

(Sap (1 1., 273 mg. P) was precipitated with TCA. The 
washed sap-TCA precipitate (41 mg. P) was split into two 
equal portions, one of which was extracted with lipid 
solvents, before extraction at pH 9. The residues insoluble 
at pH 9 contained 2-5 mg. and 2-30 mg. P respectively. 
They were suspended in water and divided into two equal 
portions, and washed with water alone or with 5% (w/v) 
TCA followed by water. The amount of P extracted by 
these various treatments is recorded in the table ns the % 
of the initial total of the precipitates. In the case of the 
lipid-free samples, these percentages have been calculated 
to include the phospholipid P removed from the sap-TCA 
precipitate before alkaline extraction.) 

Extracted 

Previous treatment of with lipid 

sap-TCA precipitate None solvents 

Washed with water alone 

Extract: 

Lipid solvent — 5-7 

1st water 49-2 44-2 

2nd water 7-2 11 ‘2 

3rd water 3’0 4-8 

4th water 0-8 2T 

Total removed by water 60-2 62-8 

Total P extracted 60-2 68-5 

Washed with water and TCA 

Extract; 

Lipid solvent — 5'7 

1st water 49-5 41-7 

5% TCA 18-7 12-5 

2nd water 5-1 11.2 

3rd water 4-0 11-0 

Total removed by water and TCA 77-3 76-4 

Total P extracted 77-3 82T 


Table 6. Effect of incubation of pH 9 -insoluble 
residues on liberation of dialysable phosphorus 

(Sap from grass (mixed Festuca spp.) (1 1., 619 mg. P) 
was precipitated with TCA. The washed sap-TCA precipi- 
tate (99-7 mg. P) was treated with lipid solvents and then 
extracted twice at pH 9. The residue (14-7 mg. P) was 
Mspended in water and divided into two equal portions. 
One was adjusted to pH 7 and incubated at 37° for 36 hr., 
token to pH 9 and dialysed against NaOH, pH 9, as 
described m the text. The other portion was taken to pH 9 
and (haly^d without previous incubation. The inorganic 
an total P contents of the dialysates are recorded as % of 
the total initial P of the residue.) 

Fractions as % of total initial P 


Inorganic P 
Total P 


Incubated at 37° 
32-4 
51-6 


Not incubated 
13-0 
38-3 ■ 
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taken to pH 9 and dialysed at room temperature against 
NaOH, pH 9 (1-5 vol., changed every 12 hr.), till the 
dialysates contained less than 1-2 pg. P/ml. Control 
samples were brought to pH 9 immediately and dialysed in 
the same way. In each case, the dialysates were examined 
for total and inorganic P content. Incubated samples 
always showed marked increases over the un-incubated 
controls, in both inorganic and total P contents of the 
dialysates. The figures in Table 6 refer to lipid-free samples. 
Preparations fi:om lipid-containing sap-TCA precipitates 
showed the same thing. 

The P contained in extracts from incubated material is not 
solely in the form of mononucleotides. This was shown by the 
fact that if a sample were incubated for 24 hr. and then 
dialysed at pH 9 until no further P passed through the 
membrane, about 90% of the P of the residual material 
(stfil at pH 9) was in solution. About half of it separated 
with the proteins when they were precipitated from the 
dialysed solutions by addition of (1014)2804 to 40% 
satmation. 

The above results clearly indicate retention by the in- 
soluble residues of small amormts of the enzyme activity of 
the original sap. This was confirmed by analysis of the 
purine and pyrimidine contents of the incubation extracts, 
and by examination of the sap-TCA precipitates for 
presence of enzyme activity. 
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did not liberate further P on incubation. The extracts ob- 
tained after boiling contained less P than did those after 
incubation, and the ratio of purines to pyrimidines becom- 
ing soluble was greater (Table 7). As in the case of the 
incubated samples, more adenine was obtained when the 
residues were treated at 100° for 30 min. with 5% (w/v) 
TCA, but even so, about 10 % of the initial pH 9-insoluble P 
stiU remained insoluble after these treatments. The experi- 
ment whose results are presented in Table 7, was repeated 
a further four times with similar results. 

It will be seen that there was no significant difference in 
either the total amount of P extracted or in the purine and 
pyrimidine composition of the combined extracts, which- 
ever of these two series of extractions of pH 9-insoluble 
residues was followed. However, enzyme activity occurring 
during incubation at 37° leads to extracts containing 
pyrimidines, most of which are not liberated when enzymic 
activity is destroyed by boiling the samples. 

Phosphorus associated with protein precipitates 

The figures in Table 1 show that a large proportion of the 
P in the pH 9 extracts of the sap-TCA precipitates separated 
together with the proteins when these were precipitated 
from the extracts. As in the case of the pH 9-insoluble 
residues, this appears to exist in polynucleotide combina- 
tion. If the precipitates were redissolved in NaOH, pH 9, 


Table 7. Purine and pyrimidine composition of the phosphorus fractions obtained from pH ^-insoluble 

residues by various treatments 


(Sap (1 1., 0-213 g. P) was converted to the sap-TCA precipitate (0-047 g. P). This was treated with lipid solvents and then 
extracted twice at pH 9. The residue (10-34 mg. P) was suspended in water and split into two equal portions. One portion 
was incubated at 37° for 24 hr. at pH 7, After centrifuging down, the residue was washed twice with water on the centri- 
fuge, treated with 6% (w/v) TCA at 100° for 30 min., centrifuged down and washed with water again. The combined 
extracts contained 4-63 mg. P. The other portion was treated in exactly the same way except that the initial incubation 
was replaced by a 5 min. boiling period to destroy enzyme activity, and yielded 4-79 mg. P in the combined extracts. The 
purine and pyrimidine content of the extracts is given as molecules base/100 atoms P in the combined extracts.) 


Incubated at 37° 


Boiled 5 min. 



Adenine 

Guanine 

Total 

pyrimidines 

Phosphorus 

Extract 

(molecules/100 atoms total P) 

(atoms) 

Incubation 

1-6 

8-1 

57-9 

65-2 

Water (2) 

0-8 

2-0 

3-8 

: 6-9 

5% (w/v) TCA 

6-2 

3-6 

11-7 

21-4 

Water 

1-8 

1-3 

4-3 

6-5 

Total 

10-4 

15-0 

77-7 

100 

Boiled 

1-4 

10-7 

24-8 

40-0 

Water (2) 

1-0 

— 

5-3 

6-6 

6% (w/v) TCA 

5-7 

2-3 

34-4 

42-7 

10-7 

Water 

1-4 

— 

8-7 

Total 

9-5 

13-0 

73-2 

100 


Nature of phosphorus fractions liberated on incubation 
of pH 9-insoluble residues 

Incubation of lipid-free pH 9-insoluble residues led to 
extracts containing predominantly pyrimidines (Table 7). 
The proportion of adenine in the samples, however, was 
much greater than in the nucleotide preparations. Further 
amounts of adenine were liberated when the residues after 
incubation were heated in 5 % (w/v) TCA at 100° for 30 min. 
About 10% of the P present before incubation remained 
with the insoluble residues after these treatments. 

The enzyme activity of the samples was destroyed by 
boiling for 5 min. After such treatment the preparations 


immediately after precipitation and kept at 4° for several 
hours before re-precipitation, only an insigmficant frac ion 
(about 5%) of this P failed to repreoipitate. 

The precipitates displayed enzymic activity. 
were incubated at 37° in water at pH 7 for 24 hr., ta 
pH 9 and dialysed against NaOH, pH 9 (1-5 vol., c 
every 12 hr.), at room temperature, till the dialysa cs c 
tained less than 1-2 pg. P/ml. The dialysates s 0 
marked increases in both total and inorgamc r con ^ 
over those from control samples which were dialyse a p 
without prior incubation. The effect was shown 7 
lipid-containing and lipid-free samples of proteins ro 
TCA precipitates. 
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About BO % of the P remaining non-dialy sable after incu- 
bation was soluble at pH 9. If the proteins in these extracts 
were thrown out by 40% saturation with (NHj)jS 04 , 
60-70% of the P was co-preoipitated. 

Table 8. JEffect of incubation of protein precipitates 
upon liberation of dialy sable phosphorus 

(Sap (1 1., 212 mg. P) was treated with TCA. The sap- 
TCA precipitate (29-6mg. P) was split into two equal 
portions. One portion was fractionated at pH 9 without 
removal of lipids. The other was extracted with lipid 
solvents prior to fractionation. The protein precipitates 
separating from the alkaline extracts of the sap-TCA 
precipitates at pH 6, contained 1-04 mg. P and 1-68 mg. P 
respectively. Kach precipitate was then split into two 
equal portions. One portion was, in each case, incubated 
at 37° in water at pH 6 for 24 hr., taken to pH 9 and 
dialysed as described in the text: the remaining portions 
were dialysed at pH 9 without previous incubation. The 
inorganic and total P contents of the dialysates are re- 
corded in the table as % of the total initial P of the protein 
precipitates.) 

Lipids present Lipids absent 

A K 

Not Not 

Incubated incubated Incubated incubated 

Inorganic P 18-5 6-0 17-7 9-8 

Total P 82-7 63-5 80-6 54-0 

Effect of incubation of protein precipitates on nature 
of phosphorus fractions liberated 

Extracts obtained by incubating the protein precipitates 
at pH 6 for 24 hr. contained an excess of purines over 
pyrimidines (Table 9). Further quantities of nucleotides, 
also containing more purines than pyrimidines, were re- 
leased when the residues were heated at 100° for 30 min. in 
S % (W^) TCA. About 10 % of the P initially present failed 
to become soluble following these treatments. 


Boiling a suspension of tho precipitates at pH 6 for 5 mm. 
destroyed tho enzymic activity. Tho boiled extracts con- 
tained rather less P than did the incubation extracts, but as 
was found with incubated samples, purines predominated 
over pyrimidines in tho extracts. Treatment of the residues 
with 5 % (w/ v) TCA at 100° liberated further quantities of P, 
and a total of about 90% of tho P initially present could bo 
extracted from tho protein precipitates by these combined 
treatments. Table 9 shows that approximately tho same 
total amounts of P, of purines and of pyrimidines, are 
liberated, whichever set of extraction conditions are em- 
ployed. However, enzymic activity during incubation of 
the protein precipitates gives extracts containing more 
nitrogen bases (especially purines) than does boiling tho 
samples, which destroys the enzymes. Fractionation of the 
P of tho protein precipitates by the above methods gave 
similar results on several more samples. 

Fractionation of chloroplast-TCA precipitate 

Preparation and properties of mononucleotide solu- 
tions 

Chloroplast-TCA precipitate was extracted once with 
95% ethanol and then uith ethanol-ether (7:3, v/v) until 
the extracts were colourless. The lipid-free residue was then 
put through the same alkaline fractionation procedure as 
was used for the preparation of nucleotides from sap-TCA 
precipitates. 

The amounts of P obtained in various fractions in this 
way, are given in Table 10. These figures refer to chloro- 
plasts obtained from the sap preparations whoso P distribu- 
tion on fractionation is detailed in Table 1. The figures in 
these two tables differ in a number of respects. Sap-TCA 
precipitates contain smaller amounts of P extractable by 
lipid solvents (5-10 % of the total) than do cliloroplast-TCA 
precipitates. Two lipid-containing chloroplast-TCA pre- 
cipitates retained only about 30% of their P after two 
extractions at pH 9, instead of the 40—55% remaining in 
samples previously treated rvith lipid solvents. However, 


Table 9. Purine and pyrimidine composition of the phosphorus fractions obtained from 
protein precipitates by various treatments 

(Sap (1 1., 96-1 mg P) was converted to the sap-TCA precipitate (37-8 mg. P). On treatment with lipid solvents followed 
by fractionation, as described in the text, this yielded a protein precipitate at pH 6 containing 3-8 mg. P. This nreoinitate 
was suspended m water and spUt into equal portions. One portion was incubated at 37° for 24 hr. at pH 6 After centri- 

heated in 5% (w/v) TCA at 100° for 30 min., again centrifuged 
down and washed twice more with water. The extracts contained a total of 0-84 mg. P. The second portion was treated in 
exactly the same way, except that the initial incubation was replaced by a 5 min boilinp npriorl +n 
activity, and yielded 0-82 mg. P in the combined extracts. The purine and conS^f ^ 1 ^ ^ i r" 

given as molecules base/100 atoms P in the combined extracts.) Py^nni^e contents of the various extracts is 

Total 


Incubated at 37° 


Boiled 6 min. 


Extract 


Incubation 
Water (2) 

5% (w/v) TCA 
Water 

Total extracted 

Boiled 
Water (2) 

5% (w/v) TCA 

Water (2) 

Total extracted 


Adenine Guanine pyrimidines 
(molecules/100 atoms total P) 


15-7 

1-2 

4-9 

2-1 

23-9 

11-9 

1-8 

7-4 

2-2 

23-3 


45-1 

18-4 


63-5 

37-5 

26-7 

1-1 

65-3 


6- 5 
3-3 

9-8 

3-4 

1-7 

7- 4 

12-5 


Phosphorus 

(atoms) 

69-5 

1- 3 
27-1 

2 - 1 

100 

52-2 

3-4 

40-9 

3-5 

100 
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even vhen allowance is made for the decreased extent of 
extraction following removal of lipids, there is stUl a much 
smaller percentage P extraction from chloropIast-TCA 
precipitates than from sap-TCA precipitates. Again, only a 
small proportion of the P in the pH 9 extracts could be 
isolated in mononucleotide preparations. About half of this 
pH 9-soluble P is precipitated, together with the proteins, 
from the extracts on acidification, but its nature has not 
been investigated further. 
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Incubation of the pH 9-insoluble residues at pH 6 led to 
increases, over non-inoubated controls, in the amount of P 
that could be subsequently dialysed away from the prepara- 
tions at pH 9, but these increases were small. 

Incubation of the pH 9-insoluble residues at 37° for 
24 hr. with a sap ribonuclease preparation of the type 
described by Pirie (1950) (used in preference to that 
described in the next section because of its low dry matter 
and P content) in amounts more than sufficient to cause 


Table 10. Distribution of phosphorus in some fractions from chloroplasts 


(The values given are the extreme ranges obtained with several different batches of chloroplasts.) - 


Soluble in lipid solvents 
pH 9-insoluble residues 
Mononucleotide preparations 
Protein precipitates 


Percentage of total P of the 


Chloroplasts 

Chloroplast-TCA 

precipitate 

pH 9 
extracts 

15-20 

20-30 

— 

25-40 

40-55 

— 

2-8 

4-10 

15-30 

10-15 

15-20 

45-55 


Nucleotide preparations and protein precipitates account 
in most cases for about 70% of the alkali-soluble P. About 
half of the remainder is found in the aqueous ethanolic 
supernatants from the nucleotide precipitates. The nature 
of this baryta-soluble, ethanol-soluble P has not been 
investigated. Small amounts of P are also formd associated 
with the BaSOi precipitates, and in the precipitates separ- 
ating at pH 9 before addition of ethanol. It is thus usually 
possible to account for over 90 % of the P of the chloroplast- 
TCA precipitate after fractionation. 

The nucleotide preparations had the same general pro- 
perties as did those from the sap-TCA precipitates. Analyses 
of typical preparations are given in Table 11, which shows 
that, as in the case of sap preparations, pyrimidines pre- 
dominate over purines. 

Table 11. Purine and pyrimidine composition of 
chloroplast nucleotide preparations 

(Results of two typical experiments are presented as 
molecules base/100 atoms P. The chloroplasts, containing 
100 mg. P in each case, gave in exp. 1 a TCA precipitate 
(83-1 mg. P) and nucleotide preparation {8-03 mg. P), and in 
exp. 2 a TCA precipitate (71-9 mg. P) and nucleotide pre- 
paration (4-03 mg. P.) 

Total 

Preparation Adenine Guanine pyrimidines' 
(molecules/ 100 atoms P) 

1 2 1 32-1 63-6 

2 0-8 34-7 61-6 

Phosphorus content of pH ^-insoluble material of 

chloroplast-TCA precipitate 

This is a considerable fraction of the initial chloroplast- 
TCA precipitate total (Table 10). If these preparations 
were incubated at 37° for 24 hr. in water at pH 6, 30-40% 
of the P was extracted. Repeated incubations at pH 6, the 
water being replaced every 24 hr., eventually led to extrac- 
tion of about 70% of the P. Treatment of the residual 
material with 5% (w/v) TCA brought out a further 5% at 
room temperatures, and 15-20% after 30 min. at 100°. 


practically complete fission in 24 hr. of a yeast nucleic acid 
solution (pH 6) with the same total P content as the chloro- 
plast residues, brought out only some 50-60 % of the P. 
Most of the remainder was released when incubation was 
repeated twice more with fresh enzyme solution. The 
remaining P (approx. 8 % ofthe initial total) was not brought 
out by further incubations, or by cold or hot 5 % (w/v) TCA 
treatment. 


Cable 12. E_ffect of incubation upon liberation of 
dialysahle phosphorus from residues of chloroplast- 
TO A precipitate insoluble at pH 9 

(Washed chloroplasts were suspended in water and pre- 
ipitated with TCA. The precipitate was treated several 
imes with lipid solvents and then extracted twice at pH 9. 
?he residue was suspended in water and split into two 
qual portions. One portion was adjusted to pH 6 and incu- 
lated at 37° for 36 hr., taken to pH 9 and dialysed against 
TaOH, pH 9, as described in the text. The remaumg 
lortion was dialysed at pH 9 without previous incubation, 
n exp. 1, chloroplasts (100 mg. P) gave a TCA precipitate 
52-09 mg. P) and nucleotide preparation contauung 
•79 mg. P. In exp. 2, the chloroplasts (100 mg. P) 

•78 mg. P in nucleotide preparation from a TCA pre- 
ipitate containing 66-89 mg. P. The inorganic and tota 
’ contents ofthe dialysates are recorded as the peroen g 
f the total initial P of the residues.) 

Incubated Not incubated 


2-1 

11-6 


2 

3-9 

13-2 


6-1 


3-0 


Experiment 
Inorganic P 
Total P 

Jery little P was extracted by ptr- 

:9-Loluble residues with x-HClO, at 7 “^, 
ues, but incubation at 37° for 24 hr. followed by wasbin. 
h water brought out over 80 % of o'^oluble 

Che P in extracts obtained from P® ^ppont 
[dues following incubation in water ab- 

led ribonuclease), or in N-HCIO4, e.xhibited strong 
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sorption in the region of 260 Paper chromatography of 
samples after hydrolysis in n-HCI for 60 min. showed the 
presence of adenine, guanine, cytidylic and undylic acids. 
No figures have been obtained for the relative proportions of 
the various nitrogen bases in these extracts. 

Effect of TO A precipitation upon activity 
of sap ribonuclease and phosphatase 


(Markimm & Smith, 1951). Carter & Cohn (1950) 
showed that the acid-soluble digestion products 
produced from yeast nucleic acid by ribonuclease 
consisted almost exclusively of pyi’imidine nucleo- 
tides, and suggested that the very small amounts of 
adenylic and guanylic acids also isolated were 
artifacts obtained dm’ing the isolation procedure 
from mntnrinl nfhichor molecular weicrlit. 


Sap was split into equal halves. One lot was dialysed 
against distilled water at 4°, with frequent changes, for 
3 days, and the volume noted. The other was precipitated 
with TCA and the sap-TCA precipitate, after a preliminary 
water wash, was suspended in water and dialysed in the 
same way. It was then suspended in water and made up to a 
known volume. 

Both sap and sap-TCA precipitate preparations exhibited 
ribonuclease activity, with optimum fission occurring at 
about pH 5-5. The activity of the sap-TCA precipitate pre- 
parations was much lower than that of the sap. Bor 
example, 30% fission of a yeast nucleic acid solution was 
brought about by 0-125 ml. dialysed sap (equivalent to 

0- 107 ml. sap before dialysis) in 2-75 hr. It needed 1-5 ml. of 
the eorresponding sap-TCA precipitate preparation (from 

1- 8 ml. sap before precipitation and dialysis) to give this 
same fission in 4-5 hr. Hence the sap-TCA precipitates still 
exhibited about 4% of the activity of an equivalent volume 
of sap. 

Dialysed sap exhibited phosphatase activity towards a 
number of substrates. This diminished on precipitation 
■with TCA to a much greater extent than did the ribonuclease 
activity. Thus, while a sample of 0-05 ml. dialysed sap 
(equivalent to 0-04 ml. sap before dialysis) split sodium 
^-glycerophosphate solution to the extent of 21 % in 2 hr. 
at 37°, 1-5 ml. of the corresponding sap-TCA precipitate 
(equivalent to 1-2 ml. original sap) only caused 3 % fission in 
72 hr. at 37°. Hence only about 1 part in 7500 of the original 
phosphatase activity remained after TCA precipitation. 


The presence of purines in tlio nucleotide 
mixtures obtained here from sap may be due to 
purely chemical degradation of the nucleic acid (cf. 
Schmidt & Thannhauser, 1945). However, Pirio 
(1950) has alread 5 ’- noted that sap ribonuclease 
differs from the pancreatic enzjnne in that it brings 
about more or less complete fission of yeast and sap 
ribonucleic acids, so that the products are no 
longer capable of precipitation by the uranyl 
reagent. Moreover, Kunitz (1940) reported an 
optimum pH of 7-7 for pancreatic ribonuclease 
activity, whereas the sap enzyme has been found 
to exhibit maximum activity at pH 5-6. It is, 
therefore, possible that the presence of purines in 
the sap preparations is due to ribonuclease activity, 
and this is supported by the exhibition of enzymic 
activity, leading to the almost exclusive liberation 
of purine nucleotides, by the protein precipitates 
obtained during isolation of the nucleotide prepara- 
tions. The low yield of nucleotides obtained when 
pH 9-insoluble material and protein precipitates , 
were pooled and again fractionated also agrees with 
enzymic, as opposed to purely chemical, decomposi- 
tion during alkaline fractionation. 

Bacher & Allen (1950) recently showed that the 
usual methods of preparation of pancreatic ribo- 


The use of metaphosphate and yeast adenylic acid as sub- nucleic acid yielded products containing ribo- 
strates gave similar results. nuclease. Pirie ( 1 950) described the similar associa- 


DISCUSSION 

Kaufmann, Gay & McDonald (1951) have sho-wn that 
pancreatic ribonuclease attacks pancreatic nucleo- 
protein as well as the free nucleic acid. The enzyme 
is stable to extremes of pH, and displays marked 
acti-vity at pH 9-5 (Dubos & Thompson, 1938), 
although it is largely inactivated in 5 min. at pH 7 
and 100° (Kunitz, 1940). It would seem from the 
present results that the reactions leading to the 
formation of nucleotides from sap-TCA precipitates 

are at leastpartiallyenzymioin character. Theresults 

are compatible with the theory that the ribonucleo- 
protein in the sap-TCA precipitate is being de- 
graded to varying extents by the sap ribonuclease. 
The preferential fission of pyrimidine -containing 
fragments from yeast nucleic acid by means of 
pancreatic ribonuclease has been noted by a 
number of workers, and has also been demon- 
strated for the ribonucleic acids of tobacco mosaic 
and turnip yellow viruses and of rabbit liver 


tion of ribonuclease activity -with tobacco sap 
nucleoprotein. He also showed the partial break- 
do-wn of the sap nucleic acid when prepared from the 
nucleoprotein by decomposition with TCA, even 
fresh preparations yielding a maximum of only 
60 % of the phosphorus in the nucleic acid. Starting 
with sap, he was unable to obtain any 'undegraded 
nucleic acid by precipitation -with TCA, and ho 
ascribed this partly to decomposition on prolonged 
contact of the nucleoprotein with TCA, and partly 
to enz^e action in the sap or during the prepara- 
tion. The present results are in.agreement with these 
conclusions. Enzyme acti-vity in the sap-TCA 
precipitate and in various fractions obtained during 
the fractimation procedure, has been amply demon- 
strated The evidence concerning the effect of 

contact witli TCA on the Rart T’Pa ' * * 4 . x 
-x • V ® sap-xoA precipitate, 

although It IS not unequivocal, as the results were 
somewhat variable, also supports the above con- 
d^ioM Most of the present work has been done on 
sap-TCA precipitates coUected immediately after 
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were performed in which these precipitates were 
allowed to age in contact with the TCA supernatant 
before being collected. In general, rather more 
phosphorus was found in a precipitate collected 
immediately after preparation than in an aged pre- 
cipitate, the difference being greater the longer the 
precipitate was aged. It appears that sap nucleic 
acid is more sensitive to decomposition by TCA 
than are other nucleic acids (cf. Schneider, 1946). 
Ageing a sap-TCA precipitate decreased the solu- 
bility of the sap proteins at pH 9, but the part that 
went into solution retained on reprecipitation an 
amount of phosphorus larger than that separating 
with the proteins from a fresh sap-TCA precipitate. 
This is probably due to preferential absorption of 
nucleic acid or polynucleotide material by the 
denatured proteins. 

The formation of nucleotides from chloroplast- 
TCA precipitates probably follows the same pattern 
as for sap. However, the smaller proportion of 
material soluble at pH 9, and of nucleotides 
isolable from this material, suggests either that the 
ribonucleic acid of chloroplasts is present in two 
fractions, one of which is not readily accessible to 
ribonuclease action, or that chloroplasts contain a 
ribonuclease inhibitor. Repeated additions of large 
amounts of sap ribonuclease were found to be 
necessary to extract the remaining nucleic acid 
from chloroplast residues, so that the low extent of 
extraction from the initial TCA precipitate and the 
slow rate of liberation of phosphorus from the 
pH 9-insoluble residues, do not appear to be due to 
enz 3 nne inhibition. Moreover, it has recently been 
fmmd (Holden, 1951) that only about 40% of the 
chloroplast ribonucleic acid is extracted by Jsr-HClOj 
at room temperature, incubation at 37° being 
necessaiy to remove the remainder. Ogur & 
Rosen (1950) claimed complete extraction of 
ribonucleic acid from plant tissues under the former 
conditions. 

The existence of phosphateise activity in the pH 9- 
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insoluble residues and the protein precipitates is 
rather surprising in view of the low activities found 
for the sap-TCA precipitates. It is possible that 
traces of the enzyme escape denaturation during 
TCA precipitation, through being carried down 
mechanically in the precipitate, and are subse- 
quently released when the precipitates are brought 
to pH 9. 

It was noticed during incubation of pH 9- 
insoluble residues, suspensions of protein precipi- 
tates and of sap-TCA precipitates, that the sus- 
pensions rapidly settled and changed gradually, 
over a period of several horns, to a harder, more 
compact form. This did not affect the enzymic 
activity of the samples, since agitation did not 
enliance it, although it delayed completion of these 
changes. 

SUMMARY 

1. A fractionation procedure for following the 
breakdown of sap and chloroplast ribonucleic acids 
at pH 9, follo'wing precipitation with trichloroacetic 
acid, is described. 

2. Both sap and chloroplast nucleic acids were 
partially degraded to a mixture of mononucleotides 
containing an excess of pyrimidines over purines. 

3. The remaining breakdown products were 
found to be contained, in polynucleotide combina- 
tion, principally in material insoluble at pH 9 and in 
protein precipitates obtained dining fractionation. 
The purine and pyrimidine distribution following 
enzymic and chemical degradation of these 
fractions is described. 

4. Differences in the ease of degradation of sap 
and chloroplast nucleic acids are described. 

5. The extent of denaturation of sap ribonuclease 
and phosphatase following precipitation with tri- 
chloroacetic acid was determined. 

I wish to thank the Agricultural Research Council for a 
grant to make this work possible. 
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Amine Oxidase Activity of Rat Liver in Riboflavin Deficiency 


By JOYCE HAVaONS 
Department of Pharmacology, Oxford* 
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The chemical constitution of the enzyme amine 
oxidase is not known. There are some indications 
that the closely related enzyme histaminase, which 
also catalyses the oxidation of amines, is a flavo- 
protein (Zeller, Stem &Wenk, 1940; Kapeller- Adler, 
1949) . Itisknownthatn -amino -acid oxidase contains 
riboflavin in the form of flavin-adenine dinucleo- 
tide (EAD) (Warburg & Christian, 1938). In 
riboflavin deficiency there occurs a marked re- 
duction in the D-amino-acid oxidase activity of 
rat liver (Axelrod, Soker & Elvehjem, 1939, 1940; 
Rossiter, 1940), and the EAD content of the liver 
is reduced (Ochoa & Rossiter, 1939). 

In the present work the effect of riboflavin de- 
ficiency on the amine oxidase activity of rat liver 
has been studied. The n-amino-acid oxidase activity 
has been determined at the same time in order that 
this might serve as an index of the degree of the 
riboflavin deficiency obtained. In this study 
characteristic differences in the two enzymes have 
been observed. 

METHODS 

Biel. The method adopted for inducing riboflavin 
deficiency in rats was based on that described by Carpenter 
Harris & Kodicek (1948) who used a diet low in protein and 
containing succinylsulphathiazole. I am grateful to Dr E. 
Kodicek for his advice on the use of this diet. 

The diet was composed as follows : riboflavin-free casein 
10'5%, sucrose 80-35%, salt mixture (Steenbook no. 40) 
6%, l.-cystine 0-15%, arachis oil 3%, and succinylsulpha- 
tliiazole 1 %. This diet was fed to the rats ad lib. As supple- 
ments, they received daily; 30pg. aneurin, 30 pg. pyri- 
doxine, 20 mg. choline chloride, 1 /ig. biotin, 250 ^g. nico- 
tinic acid and 200 pg. calcium pantothenate; three times 
•weekly they were given 40 pg. folio acid dissolved in 1% 
KHjPOj, and once a week one drop of a 6 % solution of toco- 


* Present address: Department of Chemistry and Bio- 
chemistry, St Thomas’s Hospital Medical School, London 
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pherol acetate, four drops of cod-liver oil and 1 mg. menaph- 
thone. The animals which received this diet -without added 
riboflavin are called deficient rats. The animals which re- 
ceived a daily supplement of 30 pg. riboflavin are eaUed 
controls. Modifications of the diet, as used in some of the 
experiments, -will be described later. 

Animals. Litters of freshly weaned male and female pie- 
bald rats, obtained from Glaxo Laboratories, were used. 
They weighed about 30 g. on arrival. 

About two-thirds of the rats in each litter received the 
deficient diet. In most litters the remaining animals were 
kept as controls and received daily supplements of ribo- 
flavin. 

Tissue preparations. Each liver was homogenized in a 
small volume of 0-067 M-sodium phosphate buffer, pH 7-4. 
More buffer was added so that 5-0 ml. homogenate contained 
1 g. tissue. About one-half of the homogenate was retained 
for amine oxidase determination, the remainder was centri- 
fuged at 600g for 6 min. and the supernatant used for n- 
amino-acid oxidase determination. 

Kidney extracts were prepared by first grinding the tissue 
■with sand in a mortar, and then adding 0-067 M-sodium 
phosphate buffer, pH 7-4, so that 5-0 ml. suspension con- 
tained 1 g. tissue. This suspension was centrifuged for 5 min. 
at 600g and the supernatant was used for D-amino-aoid 
oxidase determination. 

Measurement of enzymic activity. All determinations were 
made at 37’’ and in Og. Conical manometer flasks were used; 
the mner compartments contained filter paper and 0-3 ml. 
h-KOH. 

AmiTicoajidaseactiuity. This was determined with tyramine 
as substrate. Theside bulbs containedeither0-4ml. of 0-05 m- 
tyramine hydrochloride, or 0-4 ml. of water in the blank. 
The main compartment of each flask contained 1-0 ml. of 
rat-liver homogenate plus 0-2 ml. of O-lM-semicarbazide 
plus 0-4 ml. of water, to trap the aldehyde formed during the 
initial oxidation of tyramine in order to prevent further 
oxidation. 

Eor the study of D-amino-acid oxidase, Di-proline was 
chosen, as n-proline was found to be oxidized at a high rate 
by the rat enzyme.^ The side bulb contained 0-5 ml. l-Osi- 
DL-proline; the main compartment contained 0-6 ml liver 
extract plus 0-5 ml. water. In 
the proline concentration was 


the experiments -with kidnev 

0-1 M. 
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Eeadings -were taken at 5 min. intervals, and the rate of 
oxidation "was calculated from the O, uptake during the first 
15 min. of the reaction. Enzymic activity is expressed in 
terms of goj (tyramine) and (proline) respectively, i.e. in 
;xl. of Oj/lOO mg. fresh vrt. tissue/hr. 

EXPERIIMENTS 

Riboflavin deflciency and enzymic activity 
of liver preparations 

Rats reared on the control diet showed a slow but 
steady growth and appeared healthy; they almost 
doubled their initial body weight after a fortnight. 
The deficient animals showed very little or no 
growth. Apart from diarrhoea, which became 
noticeable in almost aU deficient animals, there were 
no symptoms of deficiency. The animals on the 
deficient diet usually survived for a fortnight, but 
during the third week some deaths occurred. One 
set of animals was maintained for a fortnight 
(13-15 days), and a second for 3 weeks (20-22 days). 
All rats in one litter were killed at one time and the 
enzymic activities were determined. 


1952 

Administration of riboflavin and enzymic activity 

It is known that on administration of riboflam 
to flavin-deficient rats the n-amino-acid oxidase 
activity of the liver is rapidly restored (Axelrod 
et al. 1940). I have compared the effect on amine 
oxidase of adding riboflavin to the riboflavin- 
deficient diet with the effect on n-amino-acid 
oxidase. 

In these experiments about one-third of the 
animals in each litter were kept as controls, one- 
third were maintained on the deficient diet through- 
out, and the remaining third were kept on the 
deficient diet for 11 or 12 days and then given 1 mg. 
riboflavin by mouth. In one series the animals 
received one such dose of riboflavin and were killed 
24 hr. later. In a second series the rats were given 
1 mg. doses of riboflavin on three successive days, 
and killed 24 lir. later. 

The effect of riboflavin on the growth curve was 
immediate ; the mean gain in wt. after 1 mg. of 
riboflavin was 4 g., and after three doses of 1 mg. 
riboflavin it was 7 g. The enzymic activities of the 


Table 1. Liver amine oxidase and T>-amino-acid oxidase from control 
and riboflavin-deficient rats 

(Experimental details are given in the Methods section. In this and subsequent tables values are shown as means±s.E. 


with the number of observations in brackets.) 

Time on diet 

Amine oxidase 

D-Amino-acid oxidase 

(weeks) 

Diet 

(pi. Os/lOO mg. wet wt./hr.) 

2 

Control 

115 ±8(23) 

124-5±ll-5 (18) 

2 

Deficient 

61-5±3-5 (24) 

24-6 ±1-5 (24) 

3 

Control 

122 ±8(11) 

142 ±6-6(11) 

3 

Deficient 

54-5±5-5 (14) 

18 ±3(14) 


Table 2. The effect of riboflavin administration on the enzymic activity of liver extracts 

from- deficient animals 


Diet 

Control 

Deficient 

Deficient 

Deficient 


(Experimental details are given in Methods section.) 

Amine oxidase D-Amino-acid oxidase 


Supplement to diet 

None 

None 

One dose 1 mg, riboflavin 
Three daily doses 1 mg. riboflavin 


(fil. O 2 /IOO mg. wet wt./hr.) 


164 ±7-1 (9) 
62-5±3-9 (10) 
48 ±7-5 (4) 
64-6 ±2-5 (6) 


136±12-8 (9) 
25±4-4 (10) 
70±21 (4) 
170±15 (6) 


The enzymic activities of the liver from control 
and deficient animals are given in Table 1. After 
2 weeks on the experimental diet the u-amino-acid 
oxidase activity^ in the liver extracts from deficient 
animals had fallen to one-fifth of that of the controls. 
The amine oxidase activity was reduced to 53 %. 
Wlien the animals were maintained on the diet for 
a third week the D -amino -acid oxidase activity fell 
to 13% and the amine oxidase activity to 45% of' 
the controls. 

Changes in the total amount of enzyme present 
in the liver will be described below. 


liver after riboflavin administration are shown in 
Table 2. It can be seen that the n-amino-aci 
oxidase activity was increased by one dose of ribo- 
flavin, whereas the amine oxidase activity re 
mained essentially imchanged even after three doses 
of riboflavin. After three doses of riboflavin t ic 
D -amino -acid oxidase activity rose to a level hig le 
than that of the controls. _ . _ 

The determination of the enzymic activitj pc 
unit weight of liver does not give a full picture ^ ^ 
effect of riboflavin administration on the restora 10 
of the enzymes studied, because administration 0 
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riboflavin causes a rapid increase in liver weight. 
The body and the liver weights of rats on the 
different diets are summarized in Table 3. The mean 
liver weight rose from 1‘66 to 2‘60 g. after one dose 
of riboflavin, and to 3-10 g. after tlu-ee doses. The 
total enzymic activity can be measured in jil. O. 
consiuned/hr. /liver ; this is the goo multiplied by the 
liver weight (in units of 100 mg.). The mean data 
thus obtained are given in Table 4 which shows that 
after administration of riboflavin the total amine 
oxidase of the liver increased. However, this in- 
crease appears slight if it is compared with the big 
rise in total n-amino-acid oxidase activity. Thus, 
after three daily doses of 1 mg. of riboflavin, amine 
oxidase had about doubled, whereas D-amino-acid 
oxidase had increased about 13 -fold in these 
animals. 


Other observers have reported that in rats on a 
fat-free diet low in protein and containing cholino, 
the administration of large amounts of B vitamins 
resulted in the deposition of fat; this was partly 
prevented by inositol (McFarland & McHenry, 
1948; Best, Lucas, Patterson & Ridout, 1951). 
Smce the basic diet used in my experiments was low 
in protein and fat and did not include inositol, it was 
thought desirable to study the effect of inositol on 
the restoration of enzymic activity in the liver after 
the administration of riboflavin. 

In the first series of experiments inositol was not 
included in the basic diet. Two litters were used ; in 
one litter three of the deficient animals received 
tlwee daily doses of 25 mg. inositol on the last 
3 days of the experiment. In the second litter three 
animals received tlwee daily doses of 25 mg. 


Table 3. Body weights and liver weights of rats maintained on deficient and control diets 






Mean 



Time on diet 

body wt. 

Liver wt. 

No. of 

Diet (weeks) 

Supplement to diet 

(g-) 

(g-) 

obs. 

Control 

3 

None 


66 

3-75 i008 

(12) 

Deficient 

3 

None 


42 

l-83±0-ll 

(13) 

Control 

2 

None 


55 

3-08±0-ll 

(21) 

Deficient 

2 

None 


34 

l-66±0-14 

(20) 

Deficient 

2 

One dose 1 mg. riboflavin 

38 

2-60±0-05 

(4) 

Deficient 

2 

Three daily doses 1 mg. riboflavin 

41 

3-10±0d5 

(6) 

Control + inositol 

2 

None 


47 

2-85±0d9 

(6) 

Deficient -f inositol 

2 

None 


35 

l-64±0-08 

(H) 

Deficient ■+ inositol 

2 

Three daily doses 1 mg. riboflavin 

45 

2-68±0d3 

(10) 

Table 4. Total amine oxidase and d 

-amino-acid oxidase activities of the liver, expressed in 

y-l. OJhr. /liver 



Time 



Amine 

D-Amino-aoid 



on diet 



oxidase 

oxidase 

Diet 


(weeks) 

Supplement to diet 


(pi. Oa/hr.). 

(pi. Oj/hr.) 

Control 


3 

None 


4560 

5350 

Deficient 


3 

None 


996 

256 

Control 


2 

None 


3540 

3840 

Deficient 


2 

None 


1020 

405 

Deficient 


2 

One dose 1 mg. riboflavin 


1250 

1820 

Deficient 


2 

Three daily doses 1 mg. riboflavin 

2000 

5270 

Control 4 - inositol 


2 

None 


3420 


Deficient 4- inositol 


2 

None 


1130 

ooyu 

Deficient 4- inositol 


2 

Three daily doses 1 mg. riboflavin 

2800 

■ 

5070 


Inositol and the restoration of enzymic 
activity by riboflavin 

In the course of the experiments just described, 
it was noticed that after administration of ribo- 
flavin, the livers of deficient rats showed an increase 
in fat content. This became particularly evident 

after centrifugationof the liver extracts, when a well- 

defined layer of fat formed on the surface of the 
extracts in the centrifuge tubes. This suggested that 
the rapid increase in liver weight after riboflavin 
administration might, at least partly, be explained 
by an increase of the fat content of the liver. 
Biochem. 1052, 51 


inositol together with 1 mg. of riboflavin. The 
animals were killed 24 hr. after the last dose and the 
enzjmic activities were determined. Table 5 gives a 
summary of the results obtained with these litters, 
and for comparison, the effect of three daily doses 
of riboflavin alone is also given. The mean enzymic 
activities of the deficient animals are those from 
both litters; the values differ little from the mean 
values given in Table 1. Inositol by itself had no 
si^ificant effect on either amine oxidase or d -amino - 
acid oxidase activity, neither did it affect the 
restoration of D-amino-acid oxidase after riboflavin. 
Ihe combmed administration of riboflavin and 


26 
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inositol, however, resulted in an increase in the 
amine oxidase activity of the liver extracts. 

In the second series of experiments inositol was 
included in the basic diet. Table 6 shows that both 
amine oxidase and n-amino-acid oxidase activities 
from normal and deficient rats were very much the 
same as in the absence of inositol. However, when 
three daily doses of 1 mg. of riboflavin were given to 
the deficient animals there occurred a rise in the 
(tyramine) from 69 to 104-5. In the absence of 
inositol, the corresponding figures had been 61-5 in 
the deficient animals and 64-5 after the administra- 
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T)-Amino-acid oxidase activity of the kidney 

In a mnnber of experiments the D-amino-acid 
oxidase activity of the kidney was also determined. 
The mean enzymic activities found in these experi- 
ments are given in Table 7. The activity was high in 
the kidney extracts from control animals, and there 
was no significant lowering in the deficient animals. 
This is in agreement with the observations of 
Axelrod efaZ. (1940). It seems doubtful also whether 
the slight increases in (proline) after three doses 
of riboflavin were significant. 


Table 5. The effect of inositol and riboflavin on the enzymic activity of liver from animals maintained 

on a riboflavin-deficient diet 


(Experimental details are given in the Methods section.) 


Supplement to diet 

None 

Three daily doses 25 mg. inositol 

Three daily doses 1 mg. riboflavin + 25 mg. inositol 

Three daily doses 1 mg. riboflavin 


Amine oxidase n-Amino-acid oxidase 


(pi. O 2 /IOO mg. wet wt./hr.) 


63- 5±2-2 (5) 
69 ±8-5(3) 
88-5±3-5 (3) 

64- 5 ±2-5 (5) 


30 ± 3-4 (5) 
37 ±10-5 (3) 
163±24 (3) 
170 ±15 (6) 


Table 6. Enzymic activities of liver extract from animals on a basic diet plus inositol 

(Each rat received 8 mg. inositol/day. The experiment lasted 14 days. The corresponding mean enzyme activity of 
liver from rats on the basic diet alone is given in square brackets.) 


Diet 

Control 

Deficient 

Deficient 


Supplement to diet 

None 

None 

Three daily doses 1 mg. riboflavin 


Amine oxidase 


n-Amino-acid oxidase 


(pi. O 2 /IOO mg. wet wt./hr.) 


120 ±9-5 [115] (5) 
69 ±6-5 [61-51(11) 
104-5 ±6-5 [64-5] (10) 


129-5±19-5 [124-5] (6) 
19 ±2 [24-5] (10) 
189 ±16 [170] (10) 


Diet 

Control 

Deficient 

Control 

Deficient 

Deficient 

Deficient 

Deficient 

Deficient 

Deficient 


Table 7. d -A mino-acid oxidase of rat kidney 


(Experimental details are given in the Methods section.) 

Time 
on diet 

(weeks) Supplement to diet 

3 None 

3 None 

2 None 

2 None 

2 One dose 1 mg. riboflavin 

2 Three daily doses 1 mg. riboflavin 

2 One dose 1 mg. riboflavin-}- 25 mg. inositol 

2 Three daily doses 1 mg. riboflavin-}- 25 mg. inositol 

2 Three daily doses 25 mg. inositol 


n-Amino-acid oxidase 
(pi. Oj/lOOmg. wetTvt./lir.) 

251 ±27(6) 

243 ±12(8) 
255-5±19-5 (II) 

237 ±18-5(15) 

230 ±46-5(4) 
304-5±26 (6) 

203 ±31-6(3) 

297 ±61 (3) 

236 ±28(3) 


tion of riboflavin. No effect of inositol on the 
restoration of D-amino-acid oxidase activity was 
seen. 

The effect of ribofla-vdn on the total enzymic 
activities of the liver of rats maintained on the 
inositol-containing diet is sho-wn in Table 4. On 
this diet, the D-amino-acid oxidase activity rose 
from 3J2 to 5070pl. Oo/hr., about 16-fold; the 
amine oxidase activity rose from 1130 to 2800 pi. 
Oo/hr., about 2-5-fold. 


Enzymic activity on a high-protein diet 

In order to find out if the lowered amine 
ictivity was due to a low protein intake, a ® 
inimals were reared on a diet which differs r ^ 
he basic diet in that the casein content 
rom 10 to 20 %, with a corresponding rf , 

he sucrose to 70-35%. On this diet tie ® . 

.nimals grew more rapidly than on the f 
liet: the weights of three control animals imp 
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3 weelis on the high-protein diet were 86, 89 and 
89 g. as compared with a mean weight of 66 g. after 
3 weeks on the low-protein diet (see Table 3). The 
weight of the riboflavin-deficient rats on the high- 
protein diet did not remain stationary ; the rats put 
on weight during the first 2 weelts; some of the 
PTii-TYinla were maintained for as long as 5 weeks 
without showing any symptoms. 

Three of the deficient animals were killed after 
21 days and liver extracts were prepared; the mean 
?o (tyramine) was 78 and the mean ^'03 (proline) 
was 19. Eight deficient and three control animals 
were kiUed after 30-38 days. Table 8 shows that the 
fall in both amine oxidase and n-amino-acid 
oxidase activities had not been prevented by 
increasing the protein content of the diet ; the mean 
values for £^re similar to those of Table 1. 


control animals. The data given by Axelrod ct al. 
(1940), although not strictly comparable with those 
reported in this paper, suggest that on the diets 
used by them the decrease in enzymic activity was 
less rapid. Thus it seems that the inclusion of 
succinylsulphathiazole in the diet reduced the time 
required for establishing a riboflavin deficiency, as 
indicated by the fall in D-amino-acid oxidase 
activity. That this fall was due specifically to lack of 
riboflavin and not to low protein content of the 
basic diet, is supported by the observation that a 
similar fall in enzymic activity occurred when the 
protein content of the diet was doubled. 

■D-Ainino-acid oxidase of the kidneys. The main- 
tenance of both FAD content and D-amino-acid 
oxidase activity of the kidneys in riboflavin 
deficiency has already been described (Rossiter, 


Table 8. Enzymic activity of liver extracts from animals maintained for 30-38 days 
on a diet containing 20 % protein 


(Experimental details are given in the Methods section.) 


Diet 


Amine oxidase 


n-Amino-acid 

oxidase 


Total amine Total D-amino- 
oxidase acid oxidase 


(pi. O2/IOO mg. wet wt./hr.) 


(pi. Oj/hr./liver) 


Control 132d:13'4 (3) 

Deficient 60±3'5 (8) 

Deficient, then 3 daily doses of 86 ±12 (6) 

1 mg. riboflavin 


64±4'1 (3) 
19 ±4-4 (8) 
134 ±13-6 (5) 


6700 3270 
1260 466 
3948 6895 


Some of the animals were maintained on the high 
protein diet without riboflavin for 6 weelrs; they 
then received three daily doses of 1 mg. of ribo- 
flavin before they were killed. The data for enzymic 
activity of the liver are also given in Table 8. As 
in the earlier experiments, D-amino-acid oxidase 
activity was restored; there was, however, also 
some increase in the amine oxidase activity: the 
mean figures for q^,, (tyramine) rose from 50 to 86. 
Table 8 also contains the data for the total enzymic 
activity of the liver; these show that the amine 
oxidase had trebled after three doses of riboflavin. 
The moan liver weight of the deficient animals was 
2-61 g.; it increased to 4'66 g. after riboflavin. The 
mean liver weight of the control animals was 6-12 g. 

DISCUSSION 

The experiments reported confirm that on a diet 
free from riboflavin which incorporates succinyl- 
sulphathiazole, rats quickly develop a state of 
deficiency; the rapid increase of body weight which 
occurs w’hon riboflavin is added to the diet is 
evidence of the specific character of this condition. 

■o-Amino-acid oxidase of liver. After about 
2 weeks on the riboflavin-deficient diet the enzymic 
activity dropped to about one-fifth of that of the 


1940; Axelrod et al. 1940); in my experiments also 
no fall in enzymic activity could be found. The 
riboflavin present as FAD in the D-amino-acid 
oxidase of the kidneys represents such a small 
fraction of the total flavin content of the body that 
a great reduction in flavin can occur while the 
enzymic activity of the Iddneys is maintained. 

Amine oxidase. Tlie observations on this enzyme 
stand in marked contrast to those on D-amino-acid 
oxidase. The loss of amine oxidase in the flavin- 
deficient animal was slow, as was the rate of increase 
in activity after riboflavin administration. This 
makes it impossible to decide whether or not this 
enzyme contains flavin. Loss of enzymic activity 
occurred on the high-protein diet as well as on the 
low-protein diet. The possibility remains, however, 
that in riboflavin deficiency protein utilization is 
affected and that this factor is responsible for the 
low amine oxidase activity in the deficient animals. 
It seems particiflarly interesting that with inositol 
present in the diet, riboflavin was more effective in 
restoring amine oxidase activity. This may mean 
that both flavin and inositol are contained in 
enz^e protein, but it is also possible that amine 
oxid^e is a fiavoprotein, and that inositol is 
required, either for the synthesis of a prosthetic 
group or of new enzyme protein. 
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SIBOIABY 

1. Eats have been made deficient in ribofiavin 
on a diet free from ribofiavin and containing 1 % 
succincylsulpbatiiiazole and the amine oxidase and 
D-amino-acid oxidase of liver extracts have been 
determined. 

2. It has been confirmed that the n-amino-acid 
oxidase of the liver is rapidly and severely reduced 


1952 

in riboflavin deficiency and that it is rapidly and 
fuUy restored upon the administration of ribo- 
flavin. 

3. The amine oxidase activity of the liver is 
about halved in riboflavin deficiency. There is no 
rapid restoration of enzymic activity on giving 
riboflavin. If inositol is present in the diet, some 
restoration of amine oxidase occurs when riboflavin 
is administered. 
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The interactions between the utilization of carotene 
as a provitamin A and the activity of the th 5 rroid 
gland have been much studied both for animals and 
for man (Kunde, 1926; Lindquist, 1938; Thomson 
et al. 1939; Drill, 1943). Experiments with rats 
provide a basis for the connexion (long known to 
clinicians and quoted by Lindquist and by Drill) 
between carotene and the thyroid in certain types of 
human illnesses. Thus it has been shown in rats 
(Johnson & Baumann, 1947) that thyroxine 
accelerates repletion of hepatic stores of vitamin A 
from dietary carotene, whilst thiomea has the 
reverse eflect. Thjuoxine also accelerates the de- 
pletion of hepatic stores of rats deprived of dietary 
carotene whilst thiourea again has the reverse effect 
(KeUey & Day, 1948). Furthermore, Cama & 
Goodwin (1949) have correlated these effects with 
those produced by the hormone and by a goitrogen 
on the faecal excretion of dietary carotene in the rat. 

For many years effects of thyroxine injections on 
the composition of milk have been studied at this 
Institute (Smith & Dastur, 1940; Owen, 1948; 
Clianda & Owen, 1949) and it was thought that the 
influence of thyroxine on the liver reserves of 
xfitamin A of animals and humans might have a 
parallel in its effects on the concentration of vritamin 


A and carotene in milk. Fellenberg & Griiter (1932) 
and Fasold & Heidemann (1933) claimed that 
thyroidectomy caused carotene to appear in goat’s 
milk , but Kon and his co-workers (1944-6) and 
Smith, Niedermeier & Schultz (1948) could not 
confirm these observations. The purpose of the 
present paper is to report experiments which were 
begun in 1948 on lactating cows and goats in which 
effects of thyroxine and of the goitrogen thiouracil 
on the composition of mUk were investigated. 

EXPERIiMENTAL 

Experiment 1 

This experiment was divided into seven periods. Six 
lactating Ayrshire cows were used. In period 1 aU were 
deprived of carotene and in period 2 they aH received a 
carotene-containing diet. In period 3 all the cows were 
again deprived of carotene. In period 4, the diet containing 
carotene was fed again to aU, but cows 17 and 18 were also 
given subcutaneously 10 mg. nL-thryoxine/day each, while 
cows 19 and 20 each received 20 mg. thiouracil/day by the 
same route. The remaining two cows served as controls. In 
period 5, the carotene-containing diet was continued, but 
the hormonal treatments were stopped. The experiment 
was continued into periods 6 and 7, during which the cows 
all received the carotene-free diet. During period 6 each cow 
was given the same ‘hormonal’ treatment as it had received 
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previously in period 4. In period 7 the hormonal treatments 
■were discontinued, ■while all six cows were still being de- 
prived of carotene. The duration of each period can be seen 
fiom Kg. 2. 

Diets in Experiment 1. The preparation of the diets for 
Exp. 1 was as described by Chanda, Clapham, McNaught & 
Owen (1951a, b). In both carotene-containing and carotene- 
free diets the roughage was 10 lb. oat straw/cow/day 
fed in two equal portions, one in the morning and one in the 
afternoon. 

■ The concentrate mixture of the carotene-containing diet 
consisted of 9 parts whole oats, 6 parts beans and 6 parts 
dried grass (all by weight). 


Eluate 
(■vitamin A ester 
-f /3-carotene) 

Evaporated, saponified 
and unsaponifiable 
fraction dissolved in 5 ml. 
jv-hesane 

Chromatographed in 
a 4 X 1 cm. column 
of alumina and 
eluted -with 20 ml. 

3 % acetone in n-hexane 

I 

Eluate 
/3-carotene 

•®icm. 451 mp.. measured 
in spectrophotometer 


The carotene-free diet was designed to have the same 
content of digestible nutrients and digestible protein as the 
carotene-containing diet. Accordingly it contained, instead 
of dried grass, a mixture of whole blood, dried at low tem- 
perature (W. and J. Dunlop, Dumfiies) 0-90 parts, ground 
straw 2-55 parts, and dry potato starch 2-55 parts (all by 
weight), making in aU 6 parts to replace the 6 parts of dried 
grass in the other diet. This mixture, together ivith oats 
(9 parts) and beans (6 parts), formed the concentrate for the 
carotene-free rations. Each cow received 21 lb. of mixture 
each day in three equal portions, one in the morning, another 
at mid-day and the third in the evening. 


Experiment 2 

Eight lactating goats were used, one British Alpine 
(no. 6) and the rest British Saanens. The experiment was 
divided into three periods, and the hormonal treatments 
were confined to period 2. The goats received throughout 
a daily ration of 3 lb, of a concentrate mixture consisting of 
9 parts by weight of oats, 6 parts of groundnut cake and 
6 parts of dried grass. A carotene-free roughage was pro- 
■vided by oat glumes. Each goat received 1 lb. oat glumes 
per day in two equal portions. Water was given ad lib. The 
goats were divided into four pairs for treatment. During 
period 2 each goat of one pair received daily 10 mg. thy- 

Fat (from 50 ml. mUk) dissolved 
in 10 ml. ii-hexane and 
chromatographed on a 4 x 1 cm. 
column of alumina 

Eluted ■with 20 ml. 

3 % acetone in n~ 
hexane 

1 

Adsorbate 
(vitamin A alcohol 
-f lutein) 

Eluted with 
20 ml. 8 % ethanol 
in n-hexane 

Eluate 

(vitamin A alcohol 
-b lutein) 

328 mp. measured 
in spectrophotometer 


Eluted ■with 20 ml. 

8 % ethanol in n-hexane 

Eluate 

(■vitamin A alcohol equivalent 
to vitamin A present originally 
as ester) 

■®i cm. 328 mp. measured in 
spectrophotometer 

roxine, each of a second pair 20 mg. thiouracil and each of 
a third pair 10 mg. thyroxine, together ■with 1 mg. stilb- 
oestrol. The remaining pair were untreated controls. 
Thyroxine and thiouracil were subcutaneously injected in 
aqueous solution. The stilboestrol was given by the same 
route in solution in 1 ml. olive oil (Malpress & Owen, 1947). 
The dose of thyro.xine proved rather too large, for the goats 
developed symptoms of hyperthyroidism. They rapidly lost 
weight, developed a wrinkling of the palpebrae and their 
breathing became rapid but shallow. Their appetites were 
adversely affected, ■with simultaneous polyuria. Polyuria, 
resulting from thyroxine treatment, has been noted before 


1 

Adsorbate 
(vitamin A alcohol 
resulting from 
saponification of the 
ester originally present) 
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in cows by Owen (1948). The dose of thyroxine was, how- 
ever, based on the experiments of Meitea & Turner (1948). 
Possibly the humidity of the Scottish summer made it 
more difficult for our goats to dispose of the heat burden 
which thyroxine treatment necessarily causes. In conti- 
nental America, where Meites & Turner worked, the average 
humidity was perhaps not so high. 

On alternate days fat and vitamin A were estimated in 
goat’s milk. Cow’s milk from alternate evening milkings was 
analysed for vitamin A and carotene. The goats’ miR- was 
expressed by hand, and that of the cows was taken from the 
recorder vessel. 

Chemical methods 

Separation of carotene, lutein, vitamin A alcohol and vitamin 
A ester present in milk fat. Milk fat was extracted by the 
method of Olson, Hegstedt & Peterson (1939). The carotene, 
lutein, vitamin A alcohol and vitamin Aester were separated 
as described by Chanda, Owen c& Cramond (1951). The 
method was based on that of Ganguly, Kon & Thompson 
(1947), and is summarized in the scheme shown on p. 405, 
which gives an outline of the chromatographic treatment 
of the fat. 
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(1933) was used to extract vitamin A and carotenoids from 
liver and to extract vitamin A from kidneys. These extracts 
were then chromatographed by the procedure used for milk. 

RESULTS 

Differences between the compositions of 
cow’s and goat’s milk 

The reliability of the scheme of analysis outlined on 
p. 405 -was tested by measuring the recoveries of 
vitamin A alcohol and ester which had been added 
to milk fat. Duplicate samples of milk fat were 
dissolved in w-hexane, and measured amounts of 
pure vitamin A were added to one of each pair of 
samples of fat. To some samples vitamin A was 
added as the alcohol, to others as the ester. The 
results of spectrophotometric measurements are 
shown, in Table 1 from which it will be seen that 
with 30 i.u. vitamin A, as ester or as alcohol, 93 % 
could be recovered when added to milk fat of either 
the cow or the goat. Even with as little as 6 i.u., 
80% could be recovered (Table 1). 


Table I. The recovery of different forms of vitamin A added to milk fat 

(Two lots of fat were extracted from each milk sample and taken up in w-hexaae. Pare vitamin A in a-hexane was added 
to this solution prior to chromatography in one lot; the other was kept as a control. AU spectrophotometric readings were 
corrected for irrelevant absorption by the method of Morton & Stubbs (1946),) 


Vitamin A in fortified mUk fat (i.u.) 


/■ 

Vitamin A in Ester Alcohol 


Source 
of r- 
milk 

original milk 
fat from 

100 ml. milk 
(i.u.) 

. . A 

% 

Ester Alcohol 

Vitamin A added 
(i.u.) 

in the form of 

X 

i \ 

Ester Alcohol 

i 

Expected 

A 

Found 

\ 

Eecovery 
of added 
vitamin 
{%) 

100 (e- a) 

f 

Expected 

Found 

\ 

Eeooveiy 
of added 
vitamin 
(%) 

lOOif-b) 

fat 

(0.) 

(b) 

(c) 

(d) 

(a+c) 

(e) 

c 

If+d) 

(/) 

d 

Cow 1 

71 

6 

50 



121 

120 

98 

6 

5 

— 

2 

67 

4 

30 



97 

95 

93 

4 

5 

— 

3 

99 

7 



10 

99 

96 

— 

17 

15 

80 

4 

88 

5 


20 

88 

92 

— 

25 

23 

90 

5 

77 

5 



30 

77 

80 

— 

35 

34 

97 

6 

84 

4 

— 

60 

84 

81 

— 

54 

62 

98 

Goat 1 

184 

— 

SO 


214 

212 

93 

— 

— 

— 

2 

122 

— 

50 



172 

170 

96 

— 

— 

— 

3 

106 

— 



5 

106 

105 

— 

6 

4 

80 

4 

132 

— 



10 

132 

129 

— 

10 

8 

80 

5 

115 

— 



20 

115 

118 

— 

20 

18 

90 

6 

155 

— 



30 

155 

159 

— 

30 

29 

97 

7 

165 

— 



40 

165 

161 

— 

40 

38 

95 

8 

141 

— 

— 

60 

141 

138 


50 

47 

94 


Optical measurements were made in a Um'cam spectro- 
photometer. Total vitamin A was also determined as vitamin 
A alcohol in a separate sample of fat after saponification and 
chromatography. AD the spectrophotometric readings were 
corrected for irrelevant absorption by the three-point 
method of Morton & Stubbs (1946), as previously reported by 
Chanda, Owen & Cramond (1951). By this means Glover, 
Goodwin & Morton (194S) showed that it is possible to 
determine vitamin A in the presence of a preponderant 
irrelevant absorption. 

Analysis of liver and kidney. The procedirre of Davies 


The method was applied to cow'b and goat’s nailks 
with the results shown in Tables 2 and 3 iu wliich 
milk yields and percentages of fat are also recorded. 
The cow’s mUk contained appreciable amounts of 
carotene (Table 2), but no carotene could be found 
in. the goat’s milk. Cow’s mOlr contained about 6 % 
of its vitamin A as alcohol, but in goat’s milk no 
measurable amount of vitamin A alcohol was 
present. Goat’s milk contained more vitamin A 
per g. fat (39 i.u.) than cow’s mUk (21 i.u.). 
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Table 2. Carotene and vitamin A in cow's milk 
(6-8 weeks post partum.) 

Cow no. 



1 

2 

3 

4 

5 

6 

Mean 

c.v.‘ 

Milk yield (kg./2 days) 

30-2 

28-6 

28-8 

28-9 

32-0 

29-7 

29-7 

4-3 

Fat in milk (%) 

4-1 

4-4 

3-9 

4-2 

4-7 

3-9 

4-2 

7-4 

)3-Carotene (/ag./lOO ml.) 

18-5 

12-1 

19-5 

17-6 

19-4 

16-6 

17-3 

•16-0 

Total vitamin A (a) (i.u./lOO ml.) 

79-5 

71-4 

83-8 

89-7 

107-9 

93-5 

87-6 

10-2 

Vitamin A ester as % of (a) 

89-4 

93-7 

91-9 

93-5 

92-5 

94-0 

92-5 

1-9 

Vitamin A alcohol as % of (a) 

7-5 

4-7 

6-9 

4-6 

6-5 

6-4 

5-8 

19-2 

)3-Carotene (fig.lg. fat) 

4-5 

2-8 

50 

4-2 

4-1 

4-2 

4-1 

18-2 

Vitamin A (i.u./g. fat) 

19-4 

16-2 

21-5 

21-4 

23-0 

24-0 

20-9 

13-3 

* 

c.v. (coefficient of variation) 

standard deviation 





mean 


Table 3. Vitamin A in goat's milk 
(6-8 weeks post partum.) 


Vitamin A 


Goat 

Milk yield 

Fat 

/ 


Ester* 

no. 

(ml./2 days) 

(%) 

(i.u./lOO ml.) 

(i.u./g. fat) 

(%) 

1 

2670 

3-1 

174 

56-0 

98-5 

2 

1940 

4-1 

120 

29-2 

97-9 

3 

1330 

3-8 

128 

33-7 

98-6 

4 

2270 

3-0 

142 

47-2 

98-1 

5 

4600 

4-3 

165 

38-3 

99-2 

6 

1780 

4-2 

151 

35-9 

97-8 

7 

2730 

4-0 

110 

27-5 

98-9 

8 

3760 

3-4 

150 

44-2 

98-2 

Mean 

2635 

3-7 

142 

39-0 

98-4 

c.v. 

41-0 

13-6 

15-4 

24-7 

0-5 


* The figures in this column show the proportion of the total vitamin A which was present as ester, and indicate that 
nojmeasurable amount of vitamin A was present in the goat’s milk. 


Table 4. Vitamin A in liver and kidneys and p-carotene in liver and colostrum of goats 


Liver 


Goat 

Cause of death 

Thyroxine 

Vitamin A 

A 

'v 

jS-Carotene 

Kidney 
vitamin A 

no. 

and date 

(mg./day) 

(i.u./g.) 

) 

(i.u./g.) 

4 

Hyperthyroidism (1950) 

10 

369 

0-34 

38 

8 

Hyperthyroidism* (1950) 

10 

253 

0-00 

g 

9 

Unknown (1950) 

None 

471 

0-67 

81 

10 

Bloat (1950) 

None 

452 

0-09 

77 

5 

t (1951) 

3 

176 

0-84 

8 

7 

t (1951) 

3 

272 

Trace 

33 


* This animal received also 1 mg. stilboestrol per day. 
t Killed after treatment with 3 mg. nn-thyroxine per'day. 


^-Carotene 
in the first 
colostrum 
(/ig./lOO ml.) 
28 
12 
35 
19 
46 
24 


The occurrence of p-carotene along with vitamin A 
in the colostruyn and liver of the goat 

Cow colostrum is richer in carotene than the milk 
which is secreted later. It was noticed in. the present 
experiments that the first colostrum of the goats 
was orange-yellow' in colour. The immediately 
following samples of the secretion w^ere yellow and 
were succeeded by the normal white milk of the 
goat. By analogy with the cow it was thought that 
yellow pigment of colostrum should contain p- 
carotene. Chromatography followed bj^ spectro- 
photometry showed that the pigment contained 


Xiic amounu m tne colostrum varied 
from goat to goat as shown in Table 4. It was further 
thought that this colostral carotene probably came 
from the goat’s liver. Accordingly, the livers of six 
goats were examined post-mortem for )S-carotene. 
The results in Table 4 show that )9-carotene was 
demonstrable in most of the livers, and that the 
amount m the colostrum was probably determined 
y the amount m the liver. In view of the facts that 
le livers of goats examined in Liverpool by 
Goodwm & Gregory (1948) did not contain carotene 

examined 

( iable 4) also contained none, the yellow pigment of 
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the liver was subjeeted to ehromatography on 
alumina and then measured spectrophotometric- 
ally. In Fig. 1 the absorption spectra of a sample of 
the pigment from goat liver and of a sample of p- 
carotene (British Drug Houses Ltd.), both pm-ified 
by cliromatography on alumina, are shown. The 
figme demonstrates that the maxima of absorption 
for both the pigment from the goat liver and pure 
jS-carotene were 423, 451 and 475 m.fi. in »-hexane. 
These maxima are concordant with those quoted by 
Karrer & Jucker (1950) which were also measured 
in n-hexane. They also agree closely with the values 
obtained in petrol solution by Morton (1942). The 
absorption spectrum of jS-carotene isolated from 
goat colostrum had the same absorption maxima 
but has been omitted for the sake of brevity. These 
figures leave little doubt that the pigments of both 
goat liver and goat colostrum contain ^-carotene. 



Fig. 1. Absorption spectrum of ^-carotene and of the pig- 
ment isolated from goat’s liver. Both pigments were 
dissolved in n-hexane after purification by chromato- 
graphy on alumina. • — •, pigment from goat’s liver 
(goat no. 5); , pure jS-carotene. 

In both liver and colostrum the jS-carotene was 
accompanied by another yellow pigment which 
from its chromatographic properties on alumina, 
and by analogy with cow’s milk was presumed to be 
lutein (xanthophyll), but this latter pigment was not 
investigated spectrophotometrically. Our goats 
therefore resembled the ewes investigated by 
Ganguly & Deuel (1951) which also had both 
carotene and lutein in the liver. The kidneys 
differed from the liver (Table 4) in not containing 
carotenoids or other yellow lipochromes. The 
figiues in Table 4 show that the hvers and kidneys 
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of the goats which had been treated with thyroxine 
contained less vitamin A than those of the un- 
treated animals, nos. 9 and 10, in which the hepatic 
vitamin A was of the same order as that of the sheep 
examined by Moore & Payne (1942). The varying 
liver reserves listed in Table 4 will be referred to 
again later. 

One of the goats was rather exceptional, for, 
within 2 days of partruition, the lactation resulting 
from the previous parturition had not completely 
ceased. The millc (which is obviously not to be 
confused with the prepartiuient colostrum which 
may, for experimental pvuposes, be expressed from 
the cow’s udder), did not contain carotene or any 
other carotenoid. When this same goat came again 
into mfilc after parturition the new secretion was 
colostral and was yellow. The presence of )8-carotene 
in this colostrum was also confirmed by chromato- 
graphy followed by spectrophotometry. 

T/ie effect of thyroxine and thiouracil on the carotene 
in cow’s milk {Experiment 1) 

From Figs. 2 and 3 and Table 5 it will be seen that 
in period 1 the removal of carotene from the pre- 
experimental diet was followed by a drop in the 
yield of carotene in the miUc and in the percentage 
of carotene in the milk fat of all the cows. That this 
drop was more precipitate than the natural decline 
of the yield of milk is shown by the fact that in all 
cases the concentration of carotene in the milk 
decreased after the institution of the carotene-free 
diet. In period 2, when carotene was replaced m the 
diet, the trends of the yield of carotene and per- 
centage of carotene in the milk and the trend of 
carotene concentration in the milk fat were all 
reversed. 

In period 3, carotene in the milks of all the cows 
decreased in much the same way as it had already 
done in period 1. In period 4 the two control cows 
behaved, with respect to carotene, much as all six 
cows had done in period 2, for carotene in their milk 
increased. In the two cows which received thy- 
roxine in period 4 the increases in the yield of 
carotene per cow were noticeably larger than the 
increases shown by the control cows. In the two 
cows which were treated with thiouracil no such 
increases occiured at all. The carotene content of 
the milk fat increased more rapidly in the two 
thyroxine-treated cows than in the two controls. 
Thiouracil had the reverse effect. The effect of 
thyroxine in facilitating the transfer of carotene to 
the milk is shown by the fact that in both the 
thyroxine-treated cows the concentration o 
carotene in the milk increased at the same time as 
the yield of milk was increasing. 

In period 5, when all the co^vs continued to inges 
carotene, the effects of the discontinuance of the ^o 
drugs on carotene in the milk were observed. 0 
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Pig. 2. The eSfeot oa the carotene of ooVs tnilk of superimposition of treatment 
with thyroxine upon diets with and without carotene. 


Carotene- Carotene Carotene- Carotene-free 



Carotene (jug./g. fat) Carotene (fig./g. fat) 
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Table 5. Effect of thyroxine and thiouracil on the mean content and the mean yield of ^-carotene 
in the milk of cows both with and without ^-carotene in the diet. Experiment 1 
(For details of dietary regimen see p. 404.) 

)3-Carotene in the milk 


Cow 

no. 

Period 

Treatment in 
periods 

4 and 6 

p-Carotene 
intake 
(mg./2 days) 

Fat in 
milk 
(%) 

/ig./lOO ml. 

pg./g. fat 

pg. X 10"’ 

secreted/2 

days 

15 

1 

— 

Traee* 

4-2 

15-1 

3-6 

4-2 


2 

— 

978 

3-9 

17-5 

4-5 

4-8 


3 

— 

Trace 

3-6 

9-3 

2-6 

2-3 


4 

None 

978 

3-9 

15-0 

3-8 

34 


6 

— 

948 

3-8 

16-6 

4-3 

4-1 


6 

None 

Trace 

3-7 

11-1 

3-0 

2-3 


7 

— 

Trace 

3-6 

2-9 

0-8 

0-6 

16 

1 



Trace 

4-1 

9-0 

2-2 

24 


2 

— 

948 

3-6 

14-8 

4-1 

3-9 


3 

— 

Trace 

3-7 

10-1 

2-7 

2-5 


4 

None 

948 

3-8 

12-8 

3-4 

3-5 


5 

— 

972 

4-0 

15-7 

3-9 

3-5 


6 

None 

Trace 

3-8 

6-6 

1-7 

14 


7 

— 

Trace 

4-0 

4-2 

M 

0-8 

17 

1 



Trace 

3-9 

12-7 

3-3 

3-6 


2 


912 

3-8 

17-4 

4-6 

4-0 


3 



Trace 

3-5 

7-7 

2-2 

1-5 


4 

Th5aoxine 

960 

4-2 

23-6 

5-6 

54 


6 

— 

960 

4.4 

18-8 

4-3 

3-6 


6 

Thyroxine 

Trace 

4.4 

8-9 

2-0 

1-5 


7 

— 

Trace 

4-3 

3-6 

0-8 

0-8 

18 

1 

■ 

Trace 

4-0 

11-8 

3-0 

2-9 


2 

- 

966 , 

4-2 

16-2 

3-9 

3-2 


3 


Trace 

4-1 

8-2 

2-0 

1-3 


4 

Thyroxine 

984 

4-3 

22-5 

5-2 

4-0 


5 



954 

4-2 

17-5 

4-2 

2-2 


6 

Thyroxine 

Trace 

4-0 

9-7 

2-4 

1-0 


7 

— 

Trace 

4-1 

7-2 

1-8 

0'9 

19 

1 


Trace 

4-2 

161 

3-3 

4-6 

2 



972 

4-1 

18-8 

4-6 

4-9 


3 



Trace 

3-8 

7-9 

2-1 

1-7 


4 

Thiouracil 

984 

3-4 

10-6 

31 

1*9 


5 

_ 

930 

3-9 

17-0 

4.4 

2*6 


6 

Thiouracil 

Trace 

3-6 

6-7 

1-9 

0-8 


7 

— 

Trace 

3-9 

6-1 

1-6 

0*5 

20 

1 


Trace 

4-2 

12-1 

2-9 

3*4 

2 


930 

3-8 

15-4 

4-1 

4*0 


3 


Trace 

3-6 

8-7 

2-4 

2*0 


4 

Thiouracil 

978 

3-9 

8-2 

2-1 

1*6 


5 


972 

3-4 

14-1 

4-1 

2*4 


6 

Thiouracil 

Trace 

3-3 

9-5 

2-9 

1*5 

0*5 


7 

— 

Trace 

3-5 

3-5 

1-0 


* Approx. 2 mg./2 days from the straw. 


concentration of carotene in the milk was main- 
tained in each of the two control animals, whilst in 
the two which had received thyroxine it showed a 
marked dimimition. By contrast, the two which 
had received thiouracil showed increases in carotene 
yield and in the percentage of carotene in both irulk 
and fat. As was expected, neither thyroxine nor 
tliiouracil appeared to affect the carotene content 
of the milk produced dming periods 6 and 7 
when the cows were receiving no carotene in their 
diet. 


Effect of thyroxine and thiouracil on vitamin A 
in cow's milk [Experiment 1) 

In all six cows, replacing the pre-experimentel 
diet by one not containing carotene was followed by 
a fall in the yield of vitamin A in the milk, and t 
fall was greater than the natural decline of the mm 
yield because the concentration of vitamin A 
milk was also decreased (Figs. 4, 5 and Table 6). e 
vitamin A per g. of fat was lUtevdse deereased m au 
six cows. All these tliree effects were reversed w len 
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Fig. 4. The effect on the vitamin A of cow’s milk of superimposition of treatment 
with thyroxine upon diets with and without carotene. 



Fig. 6. The effect on the vitamin A of cow’s milk of superimposition of treatment 
with thiouracil upon diets u-ith and without carotene. 


Vitamin A (l.u./g. fat) Vitamin A (i.u./g. fat) 
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the cows returned in period 2 to a diet containing 
carotene. The increases in the vitamin A per g. fat 
and per 100 ml. milk were very marked in period 2. 
In period 3, when carotene was again withheld, 
a repetition of the results obtained in period 1 was 
observed, except that some of the cows reverted to 
figures for milk vitamin A which were less than 
those of period 1. 
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vitamin A in the milk of the two control cows were 
much enlianced by reversion to the carotene-con- 
taining diet in period 4. These increases were 
magnified in cows treated with thyroxine and 
nullified in cow'S treated with thiouracU. 

The removal of thyroxine while the cows were still 
ingesting carotene (period 5) caused a sudden fall of 
vitamin A in both milk and fat and a sudden fall of 


Table 6. Effect of thyroxine and thiouracU on the mean content and the mean yield of total vitamin A and on 
the partition of vitamin A in the milk of cows both with and without ^-carotene in the diet. Experiment 1 

(For details of dietary regimen see p. 404.) 


Cow 

no. Period 

15 1 
2 

3 

4 

5 

6 
7 

16 1 
2 

3 

4 

5 

6 
7 

17 1 
2 

3 

4 

5 

6 
7 

18 1 
2 

3 

4 

5 

6 
7 

19 1 
2 

3 

4 
6 
6 
7 

20 1 
2 

3 

4 

5 

6 
7 


Treatment ^-Carotene , 

in periods intake 
4 and 6 (mg. /2 days) i.u./lOOml. 


— Trace* 64 

— 978 90 

— Trace 60 

None 978 72 

— 948 70 

None Trace 52 

— Trace 52 

— Trace 59 

— 948 77 

— Trace 51 

None 948 70 

— 972 70 

None Trace 45 

— Trace 48 

— Trace 69 

— ■ 912 88 

— Trace 54 

Thyroxine 960 103 

— 960 80 

Thyroxine Trace 95 

— Trace 53 

— Trace 62 

— 966 95 

— Trace 55 

Thryoxine 984 104 

— 954 83 

Thyroxine Trace 110 

— Trace 73 

— Trace 79 

— 972 102 

— Trace 55 

Thiouracil 984 62 

— 930 98 

Thiouracil Trace 49 

— Trace 70 

— Trace 66 

— 930 95 

— Trace 53 

Thiouracil 978 61 

— 972 92 

Thiouracil Trace 45 

— Trace 36 


Vitamin A in the milk 


A. 


i.u./g. fat 

Ester 

(%) 

15-3 

89 

26-3 

91 

16-8 

90 

18-7 

93 

18-6 

91 

14d 

89 

14-4 

89 

13-8 

91 

21-7 

94 

13-4 

89 

18-4 

93 

17-5 

94 

11-8 

89 

12-1 

87 

17-1 

90 

23-2 

93 

15-2 

91 

24-2 

93 

18-6 

94 

21-2 

83 

12-2 

87 

15-4 

91 

22-6 

94 

13-5 

90 

24-1 

94 

20-0 

94 

27-2 

80 

18-0 

88 

18-1 

91 

25-5 

91 

14-5 

91 

18-3 

89 

25-4 

92 

13-4 

90 

18-4 

88 

15-5 

92 

27-6 

92 

14-4 

90 

15-9 

89 

27-7 

93 

13-7 

87 

10-2 

89 


Alcohol 

i.u. X 10-3 

(%) 

secreted/2 days 

9-3 

18-3 

6-8 

24-7 

9-2 

14-8 

7-2 

16-4 

61 

15-8 

8-2 

10-9 

11-3 

10-5 

6-3 

16-8 

4.4 

20-2 

8-0 

12-5 

4-7 

16-0 

4-0 

15-7 

8-6 

9-6 

10-6 

11-4 

7-1 

19-3 

6-5 

20-7 

8-3 

10'8 

5-5 

21-9 

4-9 

15-2 

15d 

26'3 

11-2 

10-8 

6-4 

15-3 

4.4 

18-4 

7-8 

8-7 

4.4 

17-8 

3-9 

10-5 

18-3 

12-4 

9-1 

9-0 

7-4 

23-6 

6-3 

27-0 

7-7 

12-0 

8-6 

IM 

6-2 

15-0 

7-3 

6-8 

8-1 

6-6 

7-4 

18-5 

5-5 

24-2 

7-2 

11-9 

8-0 

11-4 

5-1 

16-0 

8-2 

7-0 

8-9 

6-0 


* Approx. 2 mg./2 days &om the straw. 


In period 4 the effects of the hormonal treatments 
were evident. Thyroxine caused a very marked rise 
in the vitamin A per g. fat and per 100 ml. milk of 
both the cows which were treated with it, while the 
behaviour of the two cows which received thiour- 
acil resembled that of the two controls. The yields of 


the vitamin A yield. Discontinuance of thioiuac 
caused effects of the reverse kind which were, how- 
ever, not quite so marked (Fig. 5). 

An interesting feature of Tables 5 and 6 is 
effect, on the concentration of carotene and 
A in the fat, of discontinuance of thiouracil w 
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carotene was being ingested. This effect was 
strikingly similar to that of giving thyroxine. 
Conversely, it is true to say that the effect of dis- 
continuing thyroxine in cows nos. 17 and 18 was 
similar to that of giving thiouracil to cows nos. 19 
and 20. 

Partition of vitamin A between alcoholic 
and ester forms in cow’s milk 
Fig. 6 and Table 6 show that when, during 
periods 1, 3, 6 and 7 the cows were deprived of 
carotene, the proportion of vitamin A present in the 


The vitamin A in goat’s milk was foimd to be all in 
the esterified form, so that free vitamin A was 
absent. For this reason, therefore, and also because 
the goats were never deprived of carotene, no 
attempt was made to partition vitamin A in this 
experiment. In general the effects were similar to 
those already reported for total vitamin A in cow’s 
miUr. Thus thyroxine caused an increase in the 
vitamin A both per 100 ml. milk and per g. fat, 
even although treatment with thyroxine caused an 
increase of the percentage of fat in the milk (Fig. 7 
and Table 7). In goat no. 3, which received thy- 



Fig. 6. The effect on the vitamin A alcohol of cow’s milk of superimposition of thyroxine treatment (lower two curves) 
upon diets with and without carotene. Of the two upper curves, one shows the effect of dietary treatment alone and 

the other shows the lack of effect of superimposition of thiouracil treatment upon each diet. • •, cow no. 20- 

■ ■, cow no. 16; Jk — A.> no. 17; , cow no. 18. " ’ 


mUk in the alcohol form increased. When carotene 
was being ingested, reversion to the initial per- 
centage occurred. During period 6, the two cows 
which received thyroxine simultaneously with a 
carotene-free diet exhibited very large increases in 
the proportion of vitamin A present in the form of 
alcohol in the milk. These increases were spasmodic 
and coincided with increases of the total concentra- 
tion of vitamin A in the milk ; in these cases most of 
the increase of the total vitamin A was due to the 
increase of the alcohol fraction. 

Effects of thyroxine, thiouracil and stilboestrol on the 
vitamin A in goat's milk (Experiment 2) 

Numerous analyses of milk from many goats 
confinned the well Iniown observation that caro- 
tenoids occur only m minute traces in goat’s milk. 


roxine alone, these increases were accompanied by 
a transient increase in the milk yield. In each goat 
which received thyroxine, whether with or without 
stilboestrol, there were marked increases in the 
vitamin A per 100 ml. milk and in the vitamin A 
per g. fat. Of two goats, nos. 4 and 8, which died of 
hy^erthjnoidism, one (no. 8) had received stilb- 
oestrol as well as thyroxine. In each of these two 
animals the secretion of the watery phase of the 
milk regressed much faster than the secretion of fat, 
so that average fat percentages for period 2 were 
8-3 and 9-9 compared with 4-8 and 4-4 in the other 
two goats which received thyroxine. In goat no. 7 
stilboestrol administration caused lactation to 
cease at the end of period 2 (Fig. 8), but a week later 
(0 days after the discontinuance of the stilboestrol) 
she came back into milk at the same jdeld as 
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Fig, 7. Milk yield, percentage fat in the milk and the vitamin A content of milk and fat of a thyroxine-treated 

• goat. , vitamin A (i.u./lOOml. milk); ■ — ■, vitamin A {i.u./g. fat); fat (%); milk yield 

( 1./2 days). 


Table 7. 


Goat 

no. Period 

1 1 

2 
3 

2 1 

2 
3 

5 1 
2 
3 

6 1 
2 
3 

3 1 
2 
3 

4 1 
2 
3 

7 1 
2 
3 

8 1 
2 
3 


The effect of thyroxine, thioitracil and thyroxine plus stilboestrol on the mean fat 
and the mean vitamin A contents of goafs milk. Experiment 2 


(For details 

of dietary regimen see p. 405.) 

Vitamin A 






^ 

^ 


Dietary 

carotene 

Fat 

i.u./lOO ml. 

i.u./g. 

i.n. X 10 "’ 
secreted /2 

Treatment in period 2 

(mg ./2 days) 

(%) 

milk 

fat 

days 


139 

31 

179 

57 

4.4 

None 

124 

3-3 

172 

53 

3-9 


100 

3-3 

168 

52 

2-7 


94 

4-3 

114 

27 

1-8 

None 

82 

4-6 

107 

23 

1'2 
n 0 


45 

4-2 

97 

23 

2*2 


143 

4-1 

163 

40 

7-3 

J t! 

Thiouracil 

133 

3-2 

104 

33 

4*5 

> 4.1 


123 

3-6 

108 

30 

4*1 


138 

4-3 

156 

36 

2*6 

ThiouraoU 

109 

93 

3- 8 

4- 1 

107 

120 

30 

29 • 

1*0 

1-0 


122 

3-7 

119 

32 

1-6 

Thyroxine 

70 

109 

4-8 

3-7 

261 

136 

55 

36 

0*0 

1-3 


117 

3-1 

134 

43 

2-8 

i.S 

Thyroxine 

40 

4.4 

225 

51 

1*0 


142 

3-9 

112 

29 

3-4 

6-5 

Th 5 rroxine -f- stilboestrol 

87 

111 

8-3 

7-6 

285 

238 

34 

30 

1-0 


114 

3-4 

138 

41 

3-1 

2-2 

Thyroxine -f stilboestrol 

12 

9-9 

441 

45 
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previously. In tliis goat, as she rapidly dried off, 
both the percentage of fat in the milk and the per- 
centage of vitamin A in the milk increased rapidly. 
When she resumed lactation both the fat and 
vitamin A were of about the samemagmtude as they 
had been when lactation ceased (Fig. 8). Neither 
when she ceased nor when she resumed m il k ing did 
this goat show any evidence of carotenoids in the 
milk. 


supposed, from the work of Hoch & Hoch (1946), to 
he in the alcohol form. However, Chanda (1951) has 
found that cows at grass have some 16—30 % of their 
blood plasma vitamin A in the ester form. Glover, 
Goodwin & Morton (1947) have adduced evidence 
that reserves of vitamin A are present in the liver as 
the ester but are in equilibrium with vitamin A 
alcohol in the blood. On their hypothesis, if a cow is 
deprived of carotene and thereby forced to mobilize 



lig. 8. Milk yield, percentage fat in the milk and the vitamin A content of milk and fat of a goat treated with thyroxine 
and Btilhoestrol. The breaks in the curves indicate that the treatment completely inhibited lactation just before 

the end of period 2 but that it was resumed in period 3. , vitamin A (i.u./lOO ml. milk); ■ — ■, vitamin A 

(i.u./g. fat); A— A. fat (%); #— •, milk yield (1./2 days). 


Thiomacil depressed the milk yield slightly, but 
at the same time it noticeably reduced the per- 
centage of fat in the milk. This drug also depressed 
the amoimt of vitamin A per g. fat so that the yield 
of vitamin A in the milk was depressed (Table 7). 

DISCUSSION 

The results of the present experiments may be 
explained by supposing that when dietary carotene 
is absorbed it is transformed into the ester form of 
vitamin A (Thompson ct al. 1950) and passes via the 
Ijmph, the thoracic duct and the blood stream to 
the mammary gland. In the cow some carotene 
probably accompanies the vitamin A ester, since 
both will bo constituents of the chylomicrons. In the 
goat the accompanying carotene will bo negligible. 
Most of the vitamin A in the blood is usually 


its hepatic reserves, an increase in vitamin A 
alcohol in the milk would not be unexpected and 
this is what was found in the present experiments. 
Experiments by Greeves & Schmidt (1936) have 
shown that thyroxine accelerates the release of 
reserves of vitamin A from the livers of rats kept on 
diets deficient in the vitamin, thus explaining the 
effect of thyroxine in the present experiments in 
causing enhanced increases of vitamin A alcohol in 
the milk when, in period 6, the cows were deprived of 
carotene. The fact that vitamin A in the mUk of 
cows was less when thiomacil was given with a 
carotene-free diet than it had been on the same diet 
without thiouracil (Table 6), can be explained on the 
basis of the observ'ations of Kelley & Day (1948) who 
found tliiouracil to retard the rat© of depletion of 
hepatic stores of vitamin A in rats on a diet deficient 
in the vitamin. 
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Jolxnson & Baumann (1947) showed that, in rats, 
th 3 T’oxine greatly enlianced hepatic storage of 
vitamin A from dietary carotene but had little effect 
on storage from preformed dietary vitamin A. They 
also found that thioiu'ea inliibited storage from 
dietar 5 ’- carotene but not from dietary vitamin A. 
It is therefore reasonable to suppose that the effect 
of thyroxine in the cow in stimulating the apparent 
digestibility of carotene (Chanda et al. 19516) was 
due rather to the stimulation by the hormone of 
conversion of carotene to vitamin A in the intestinal 
mucosa (Glover et al. 1948; Thompson, Ganguly & 
Kon, 1949) than to any effect it may have had in 
increasing the absorption of carotene as such. 
Nevertheless, the figures in the last column of 
Table 5 do give reasen for supposing that the 
increase caused by thyroxine in. the output of milk 
carotene itself was chiefly from dietary carotene. 
Thus, in the control cows 15 and 16, the output of 
carotene in the milk was smaller in period 4 than in 
period 2, both of these being carotene periods. 
When thyroxine was given in period 4, however, 
cows 17 and 18 show that thjnoxine caused the 
carotene output to be bigger in period 4 than in 
period 2. That this was an effect of thyroxine is 
shown by its reversal in cows nos. 19 and 20 which 
received thiouracU in period 4. That these increases 
in carotene output were probably of dietary rather 
than hepatic origin is shown by comparing periods 
3 and 6 when no carotene was fed. In these circum- 
stances thyroxine failed to cause any change in the 
output of milk carotene. 

In this discussion it is, of course, assumed 
throughout that carotene, once it has passed into 
the lymph from the intestine, is of no further use to 
the cow as a source of vitamin A. It has long been 
known (Drummond & McWalter, 1933) that in- 
jected carotene is not converted to vitamin A by the 
rat and, indeed, Sexton, Mehl & Deuel (1946) have 
had rats dying of vitamin A deficiency wliile their 
livers contained much ^-carotene resulting from 
injection of it. In the goat only traces of carotene 
could have been absorbed in these experiments 
(Tables 3, 4 and 7), so that the effect of thyroxine in 
increasing the apparent digestibility of carotene in 
these animals (Chanda et al. 19516) may reasonably 
be attributed to an increase in the rate of conversion 
of carotene to vitamin A. 

A considerable contribution to the vitamin A in 
the milk of the goats which were treated with 
thyroxine was probably made by their liver reserves 
after the overlarge dose of thjuoxine had, by 
adversely affecting their appetites (Table 7), caused 
their carotene intakes to be reduced. The magnitude 
of tins hepatic contribution can be judged by com- 
paring, in Table 4, the liver reserves of the treated 
and untreated goats. 

Tables 2 and 3 show that the goat’s milk was 


richer in vitamin A than the cow’s milk and that the 
goat’s mUk unlike the cow’s milk did not contain 
either carotene or vitamin A alcohol. The greater 
amount of vitamin A in goat’s mUk can perhaps be 
related to the more active thyroid gland of the goat 
as sho\vn in Table 8. In that table data on both 
goats and cows from the present experiments and 
from those of Chanda et al. (1951o) are presented 
together with the data of Schultze & Turner (1945) 
on the rates of secretion of thyroxine by cows and 
goats. The table suggests that the greater apparent 
digestibility of carotene by goats is associated with 
both a higher vitamin A content of the milk and 
with a greater thyroid activity. The greater vitamin 
A content of the goat’s milk could not have .been 
a dietary effect because, as Table 8 shows, the 


Table 8. The rate of secretion of thyroxine, the digesti- 
bility of carotene and the secretion of vitamin A in 
the milk of cows and goats 



Cows 

Goats 

Average body weight (kg.) 

450 

35 

Average carotene intake (mg./day) 

496 

42 

Carotene intake (mg./kg. body 

M 

1-2 

weight) 

Apparent digestibility of carotene 

56 

63 

(%)* 

Bate of secretion of thyroxine 

22 

34 

(mg./kg. body weight)! 

Vitamin A in milk (i.u./g. fat) 

24 

39 


* Data of Chanda et al. (1951 o). 
t Data from Schultze & Turner (1946). 

J This value does not include the carotene. 


arotene intakes of the cows and goats before 
ormone treatment were practically equal when 
alculated in terms of body weight. The larger con- 
entration of carotene in the milk from cows treated 
dth thyroxine leaves the observation of Bellenberg 
j Griiter (1932), that thyroidectomized goats 
ecreted yellow milk, unexplained. Indeed, in the 
resent experiments, goats treated with either 
hyroxine or thiouracil showed no evidence of the 
resence of carotenoids in the milk. Nevertheless, 
-carotene was demonstrated in goat’s colostrum 
lable 4). It therefore seems that there is some 
ormonal influence on the goat’s mammary gland at 
arturition wliich causes ^-carotene regularly 0 
ppear together with other carotenoids m 
olostrum. The appearance of carotene ^ 
olostrum could hardly have been due 

hyroid which does not attain maximum activi ^ 

ntil the peak of lactation at which time the go 

lilk is free from carotenoids. Neither do oes rog 
ppear to be responsible for the occurrenc ^ 
arotene in goat’s colostrum. T,'en 

S'ig. 8), which resumed lactation after hav g 
iried off’ by stilboestrol, produced milk free from 
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carotenoids in the resumed lactation. Similarly, 
another goat which was giving some carotene-free 
milk 2 days before parturition gave ^-carotene 
along with other carotenoids in the post-partmn 
mammary secretion. If, therefore, the occurrence of 
jS-carotene in goat’s colostrum is under hormonal 
control it does not seem from the present experi- 
ments that the hormones concerned are either 
thyroxine or oestrogens. 

SUMMARY 

The metabolism of carotene in six lactating cows 
and in eight lactating goats was investigated with 
the following results : 

1. Goat’s milk contained 142 i.u. vitamin A/ 
100 ml., all of it in the ester form. Cow’s milk con- 
tained 88 i.u. vitamin A, 6 % of which was in the 
alcohol form. Unlike the cow’s milk, that of goat 
did not contain carotenoids, but in the colostrum 
and in the liver of goats ^-carotene was demon- 
strated. 

2. lYhen the cows were deprived of carotene for 
a fortnight their milk yields were not affected, but 
the concentrations of vitamin A and carotene 
decreased. At the same time the proportion of 
vitamin A present in the alcohol form increased. 


Superimposing thyroxine treatment upon carotene 
deprivation caused even greater increases of 
vitamin A alcohol in the milk. 

3. On re -instatement of the carotene-containing 
diet the concentrations of both carotene and 
vitamin A increased at rates which were enhanced 
by thyroxine and diminished by thiouracil. The 
effects on vitamin A and carotene of discontinuing 
thyroxine while the cows were stiU ingesting 
carotene were similar to those produced by in- 
jecting thiouracil. Conversely, the effects of dis- 
continuing thiouracil were similar to those of giving 
thyroxine. 

4. Thyroxine and thiouracil produced changes in 
the composition of goat’s milk which were simUar 
to those found in cow’s milk. 
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these experiments. The authors also wish to thank Miss P. 
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The Oxidation of Myoglobin to Metmyoglobin by Oxygen 

2. THE RELATION BETWEEN THE FIRST ORDER RATE CONSTANT 
AND THE PARTIAL PRESSURE OF OXYGEN 


By P. GEORGE akd C. J. STRATJIANN* 
Department of Colloid Science, University oj Cambridge 


(Received 20 Angitsl 1951 ) 


In a previous paper {George & Stratmnnn, 1952) wo 
showed that the oxidation of myoglobin to metmyo- 
globin by oxygen at constant oxygon pressure, pH, 
salt concentration and temperature was first order 
in unoxidized myoglobin. It thus resembles the 
autoxidation of haemoglobin investigated by Brooks 
(1931). In air the oxidation rate is 4-25 times faster 
than with haemoglobin. 

Broolvs (1935) showed that tlio observed first 
order rate constant for haemoglobin autoxidation 
was a function of the oxj'gen pressure, having a well 
defined maximum value at about 20 mm. In this 
paper the results of a sunilar investigation are 
reported for myoglobin, together with the deter- 
mination of the equilibrium constant of the myo- 
globin-oxygen reaction, 

Mb-fOo^JIbOo 

under the conditions of the experiments. Tins value 
of the equilibrium constant is used in an analysis of 
the restdts based on a suggestion by George (1949) 
that the observed first order constant for liaemo- 
globin was a complex fimction given by 

z- _z. [0=] 

^ K + [0,]K + [0„y 

where IT is the reciprocal of the equilibrium con- 
stant for the formation of oxyhaemoglobin. A full 
comparison is made between the kinetic data for 
myoglobin and haemoglobin. 


3MATERIALS AND APPARATUS 

The myoglobin used m these experiments was prepared by 
the method desenbed by George & Stratmann (1952) The 

'''ith K„HPO, 

and KH 2 P 04 , givmg a total concentration of phosphate ions 
of 0-6 m with a pH of 5-69 at 30°. pnospnate ions 

described by 

Brooks (193^. The gas mixtures were prepared from 
cyhnders of 0,-free K and either air or 0, of •medical’ 
purity. The gases were passed first through cotton wool. The 

N, was passed through alkaline pyrogallol solution and the 

O, or air throug h alkalme permanganate solution. In order 

* Present adless: Department of Anatomy, Universitv 
College, Gower Street, London, W.C. I. ^ ^ 


to prevent deposition of moisture in the capillaries of tie 
flow meters the gases were further washed in half-saturated 
NaCI. After passing through the flow meters the gases were 
mixed, passed through a glass coil immersed in the thermo- 
stat to preheat it, then passed through a buffer solution like 
that used for the myoglobin and finally led into the reaction 
vessel. A similar coil and tube containing buffer solution was 
used to cool the gas when the flask was immersed m the ice 
bath employed in the preliminary preparation of the llbO, 

described below. The rate of gas flow was 6 l./hr. 

Kinetic measurements 

The flask used in these experiments was similar to the one 

used b\’ Brooks (1935) but was boat-shaped like a Meldma- 
Houghton boat but without the central partition. Asolntion 
of metmyoglobin (MctMb) with a concentration of 
£•57 X was run into the flask. The optical denritfo 

the MetMb having been recorded, o small quantity o 
sodium dithioiiite (Nn-S-Oj) was added and the J 
shaken until the slight excess of Na«S,0i was oxidized at 
oxymyoglobin formed. The flask was then closed, 

an ice bath and the gas mixture passed through the flas' O 

1-6-2 hr. whilst the flask was shaken slowly. Asampfec 
myoglobin solution was removed, diluted and the op 
density measured. The usual sample removed was ^ ® ' ^ 
diluted with 4 ml. of buffer solution. Details of the ®P®' 
photometric methods of analysis used are 
paper (George & Stratmnnn, 1952). The i.ji 

trnnsferrcdtothethermostatat30°. Atinfervalst 
the experiment samples were removed and t 
density measured. During the time taken to meas 
optical density of the solutions there was no o ^ ^ 
change due to autoxidation. The starting poia ° 
action was taken as being the time when the a- 
placed in the thermostat. Results were ^ 
percentage of oxymyoglobin present, taking 
point of the reaction ns 100% AlbOj. Log “gfantd 
ivas plotted against time and the first order ra e c 
the reaction (h hr.“^) was calculated from the s p 
line. 

Equilibrixnn measiironents 
The oxygen dissociation curve of myoglobin 
mined under the same general conditions 
kinetic experiments. The reaction flask ® gpect"’' 

was of such a size as to fit into the cell carrier o 
photometer. The Pyrex glass used in its cons rue 
absorb appreciably in the range of waveleng ^ 

since the method was a comparative one t ® k® ' 

density difference between this tube and t e 
was of no consequence. 
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Two slightly different techniques were used. In the first 
a concentration of 6-14 x lO'^M-myoglobin was used and the 
optical densities measured at 540 mp. In the second, one- 
tenth of the above concentration was used and the optical 
densities measured at 420 mp. In both methods approxi- 
mately 10ml. of metmyoglobin were placed in the flask. This 
was aUowed to run into the side arm and the optical density 



Fig. 1. Diagram used to facilitate calculation in the deter- 
mination of the equilibrium constant of the reaction; 
Mb-fOj^MbOj at 30° in O’OM-phosphate buffer of 
pH 5'69. The points A, B and 0 represent the optical 
densities (at a wavelength of 640 mp.) of solutions con- 
taining 100% MbOj, 100% Mb and 100% MetMb 
respectively. The line AO relates optical density to the 
percentage oxidation. The line BO relates optical density 
to the proportion of Mb and MetMb present in the solution 
if no MbOj is present. The point D gives the amount of 
MetMb formation which has occurred by autoxidation in 
the time taken for equilibration of the solution rvith the 
gas mixture. This point enables the line DE, which relates 
optical density to the proportion of Mb and MbO^ present, 
after oxidation has been taken into account, to be drarvn. 
The dotted line shows how the points D and E are 
derived. The measured optical density of the solution, 
equilibrated with the gas mixture, is used to determine 
the percentage of MbOj in the mixture by simply reading 
off the corresponding value on the line DE. The line EG 
represents a second equilibration experiment, using the 
same solution, when further oxidation has taken place. 

rns measured. The flask was removed from the spectro- 
ihotoracter, placed in an ice bath and the solution nm back 
nto the body of the flask. A small quantitj^ of Na^SjOj was 
idded and the flask gently shaken until reduced myoglobin 
vas formed. The optical density was again measured. The 
lask was again returned to the ice bath and shaken until all 
;xcess Na.SjOj was oxidized and cxjunyoglobin formed. The 
optical density of this solution was measured. In order to 
facilitate calculation a diagram shown in Fig. 1 was con- 
dnicted which related optical density to the percentages 
af MbO., Mb and MetMb present in the solution. A repre- 
sents the optical density of a solution containing 100% 
MbOj, while B and C represent the optical densities of 
solutions containing 100% Mb and MetMb respectively. 


Lines were drawn connecting AtoG and BtoG. The line .4 <7 
relates the optical density of the solution with the pro- 
portion of MbOj and MetMb present in it or, in other words, 
the percentage oxidation. The line BO relates the optical 
density of the solution to the proportion of Mb and MetMb 
present in the mixture if no MbOj is present. A gas mixture 
of the desired partial pressure of Oj was then passed through 
the flask which was shaken slowly in an ice bath for a period 
of 1 hr. The flask was then placed in the thermostat at 30° 
and shaken for 10-15 min. The flask was then quickly 
removed from the thermostat and the optical density of the 
solution measured. It was immediately replaced in the ice 
bath, opened to the air, the solution equilibrated with air 
and the optical density again measured. After equilibration 
with air the measured optical density (the point D on the 
diagram) gives the amount of oxidation of the mixture 
during the time taken for equilibration for the particular 
partial pressure of Oj, and enables the line DE to be dra-wn, 
which relates the optical density of the solution with the 
proportion of Mb and MbOa present, after oxidation bas 
been taken into consideration. The dotted line on the 
diagram shows how this point E is derived. The measured 
optical density of the solution equilibrated with the gas 
mixture can now be used to determine the percentage MbOj 
in the solution by simply reading off the value which 
corresponds to the measured optical density on the line DE. 
The whole cycle was repeated once or twice. The line FO 
represents a second equilibration experiment, using the 
same solution, when further oxidation had occurred. 

In the second method the technique was essentially the 
same. A wavelength of 420 mp. was chosen at which 
MetMb and Mb are isobestic and the diagram is in conse- 
quence simplified. As the solutions absorbed to a much 
greater extent at this wavelength it was necessary to use a 
solution approximately ten times more dilute than that 
used in the experiments described above. 

Denaturation check 

The azide-metmyoglobin check for denaturation was 
carried out at 2 mm. Oj pressure, it having been found 
previously that at 152 mm. pressure no detectable 
denaturation occurred (George & Stratmann, 1952). 

RESULTS 

Denaturation check 

In 3 hr. and at a partial pressure of 2 mm. of 
oxygen 77-5 % of metmyoglobia was formed from 
oxymyoglobin by autoxidation. Fig. 2 shows that 
some traces of denaturation of the protein are 
evident. This amounts, however, to no more than 
1 •5-1-7 % of the myoglobin originally present, and 
it was not considered necessary to take this into 
consideration in the calculation of the rate constant. 

Oxidation kinetics 

The metmyoglobin formation was measured at 
10 and 20 min. interrmls and at many partial 
pressures of oxj'gen ranging from 0-3 to 760 mm. 
Fig. 3 sliows four tjqpical first order plots at the 
following oxj-gen pressures : 760, 1-0, 0-6 and 0-3 mm. 
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Wavelength (mfi.) 

Fig. 2. Spectra of the azide-metmyoglobin complex formed 
before and after autoxidation of myglobin at 30° in 
0’6 m- phosphate buffer of pH 5-69 at a partial pressure of 

oxygen of 2 mm. , from a solution of metmyoglobin 

before autoxidation; O, from a solution of metmyo- 
globin of the same concentration after autoxidation for 
3 hr. 



Fig, 3. Typical first order plots for the autoxidation of 
myoglobin to metmyoglobin in 0-6M-phosphate buffer of 
pH 5-69 at 30° at four different partial pressures of oxygen. 
0, partial pressure of oxygen of 760 mm.; •, partial 
pressure of oxygen of 1-0 mm.; partial pressure of 
oxygen of 0-6 mm.; 0, partial pressure of oxygen of 
0-3 mm. 

The first order rate constants at these oxygen 
pressures were; 0-33, 0-75, 0-65 and 0-39 hr."'^ 
respectively. Fig. 4 shows the relationship between 
the partial pressure of oxygen and the first order 
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rate constant over the entire range of oxygen 
pressures studied. A clearly defined maximum was 
observed at a partial pressure of about 1 mm. 
oxygen. Increase of the oxygen pressure above 
approximately 30 mm. was found to have very 
little effect on the rate constant, its value at these 
pressures being arormd 0-30 hr.'i. All these results 
were obtained with the same sampje of myoglobin. 



Fig. 4. The relationship between the partial pressure of 
oxygen and the first order rate constant for the autoxida- 
tion of myoglobin to metmyoglobin at 30° in O-Gm- 
phosphate buffer, overthe entire range of oxygen pressures 
studied. A =the first order rate constant at 760 mm. Joj- 



Fig. 6. Results of experiments to determine the activation 
energy of the autoxidation of myoglobin to metmyo- 
globin in 0-6M-phosphate buffer of pH 6-69 at 4 and 
760 mm. partial pressures of oxygen. •, partial pressure 
of oxygen=4mm.; ©, partial pressure of oxygen= 
760 mm. 

The activation energy of the autoxidation 

The activation energy of the reaction was deter- 
mined at two partial pressures of oxygen, name y 
4 and 760 mm. A range of temperatures from 22 to 
38° was studied and the rate constant was deter- 
mined at 4° intervals over this range. Fig. 5 sbo^ 

the results of these experiments. Logarithm of 10 
rate constant is plotted against 1/T. Calculations 
from this data gives the activation energy , E, or 1 
reaction at 760 mm. oxygen pressure as 25-0 + 1 Kg- 
cal., and at 4 mm. as 1 9 ± 1 kg.cal. The tempera u 
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coefficient of the buffer solution used in these ex- 
periments is — 0-03 pH rmits for an increase of 10° 
(Cohn, 1927). Tlie rate constant would be changed 
by this decrease of pH over 16° by about 10 %, by 
analogy with Brooks’s (1931) results with haemo- 
globin. If this is the case then the true values of the 
activation energies are within 1 kg.eal. of the above 
values. 

It was formd to be impossible to obtain a satis- 
factory value for the rate constant in an experiment 
carried out at 4 mm. oxygen pressure and at 38° 
owing to rapid denaturation of the protein at this 
temperature and oxygen pressure. It would appear 
that reduced myoglobin is more easily denatured by 
heat than is oxymyoglobin, since the experiment at 
38° and 760 mm. oxygen pressure was reproducible 
and there were no detectable traces of denaturation. 

The oxygen dissociation curve of myoglobin 

The fraction of myoglobin m the form of oxymyo- 
globin at a given oxygen pressme was obtained by 
the method described above. Spectrophotometric 
analysis at 420 mg. was used in addition to the 
measurements at 640 mg. in the hope that more 
consistent results would be obtained. In Table 1, 

Table 1. Measurement of equilibrium constant for 
Mb-f Oj at 30° in O-dM-phosphaie buffer, pH 5-69 
by spectrophotometric analysis at 540 and 420 mg. 


Fraction 


ivelength 

POj, 

JIbOj present Slean 

K 

(mg.) 

(mm.) 

(l-«) 

1-a 

' aPoj 

540 

0-6 

0-37 

0-38 

0-38 

I -03 

540 

1-0 

0-56 

0-53 

0-48 

0-55 

1-08 

540 

2-0 

0-60 

0-62 

0'61 

0-78 

420 

3-0 

0-65 

0-67 

0'66 

0-65 

420 

5'0 

0-84 

O'Sl 

0-78 

0-81 

0-85 

420 

100 

O-Oo 

0S)0 

0-85 

0-90 

Mean K,- 

0-90 

;0-88±0-12mm.“* 


, pressure of oxygen for half saturation = 

1-00-1-32 mm., mc.in 1-16. 


which records the results at a number of different 
oxygen pressures, it is seen that there is little to 
clioosc between tiio two methods. Tlio value of tire 
equilibrium constant Jv, under the conditions of the 
experiments, at 30°, is 0-SS±0-12 from which it 
follows that the oxygon pressure for half saturation 
of the myoglobin is bOO-1-32 mm. 


ANALYSIS OF THE RESULTS 

Tire most strUting feature of the results is that 
myoglobin, like haemoglobin, shows a maximum 
oxidation rate at low oxygen pressures. In the case 
of haemoglobin the oxygen pressure for the maxi- 
mum rate corresponds closely to that required to 
half saturate the haemoglobin. This also holds for 
myoglobin as illustrated in Fig, 6. 



Fig. 6, The relationship between the oxygen pressure 
variation of the first order rate constant for the autoxida- 
tion of myglobin to metmyoglobin and the oxygen dis- 
sociation curve of myoglobin at 30° in 0'6M-phosphate 
buffer of pH S'69. •, experimental values of the first 
order rate constant at partial pressures of oxygen over the 
range 0-20 mm. O, experimental points in the deter- 
mination of the oxygen dissociation curve of myglobin. 
The true dissociation curve lies within the shaded area, 
the two lines being the limits of e.xperimental error. 

, the partial pressure of oxygen required for half 

saturation of the myoglobin. 


George (1949) suggested that the oxygen pressure 
function responsible for this behaviour in the case of 
haemoglobin was that given in eqn. 1. 

7. _7. A [O,] 

^ IC + lO^]K+[0.y 

Inspection of Fig. 4 shows that this equation alone 
cannot adequately accormt for the myoglobin data. 
At oxygen pressures above 30 mm., reaches a 
constant value and does not continuously dimmish 
P 02 js increased in accord with this equation. It 
does, however, account for the maximum value of 
at the oxygen pressure required for half satura- 
tion of the myoglobin, which suggests that the 
correct fimction for may be of the form: 








;+F. 


( 2 ) 


Tlie additional oxygen pressure function Y can be 
numerically small at low oxj'gen pressures and in 
onsequence can be given, in effect, by Eqn. 1 

sucli 7} ®^’ygen pressures V can be 

such that a constant value for is obtained. The 
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actual form of F in the present data can be found in 
K [O,] 

the followmg way. — — — — and — — — - are the 
K+[0^] A +[02] 

values of a and (1 — a), the fractions of uncombined 
myoglobin and oxymyoglobin respectively, so that 
eqn. 2 amounts to 

*obs. = fci“(l-a)+ P- (3) 

If Zq can be evaluated then the variation of Y with 
oxygen pressure is given by — Z:ia(l — a), 

eqn. 3 may be rewritten 


^obs. 


a(l-a) 


— ki + 


a(l-a) 


The problem is thus one of chosing a suitable oxygen 

k 

pressure function to plot — — against so that k, 

0.(1 — a .) 

may be obtained by extrapolation. Plotting against 
Po, itself is not satisfactory since a definite curve is 
obtained. The functions (1 — a)/a and 1/a both give 
plots which are reasonably linear as shown inFig.7, 
the first point lying off the line in each case . V alues of 
ki obtained from the intercept are 2-62 and 2-30 hr.“i 
respectively. Table 2 gives the calculation of Y 
based on these two values using eqn. 3. It can be 
seen that the variation of F with oxygen pressure is 
of the type anticipated above. The linearity shown 


kchs, 

a(l-a) 

implies that F is of the form Z:2( 1 — a)*, and for the 
plot against 1/a that F is of the form Z:2(l — a). It 
seems that the experimental data are not precise 
enough to decide between these two possibilities. 
This is rmderstandable for the xmcertainty in the 
velocity constant is about ± 0-02 hr.-^ in each case. 
The slopes of the two lines are identical for their 
numerical value should be equal to k^-^, at high 
oxygen pressures, hence Z:2=0-30 hr.“^. For myo- 
globin autoxidation we may thus summarize the 
data in the two possible expressions : 


is plotted against (1 — a)/a 


in Fig. 7 when 


Z:„b,. = 2-62a(l - a) + 0-30(1 - a)^, (4a) 

Z;„b,, = 2-30a(l-a)-l-0-30(l-a). (46) 


It is of interest now to examine Broolts’s (1935) 
data on haemoglobin autoxidation to see whether 
there is any evidence of similar behaviour. The 
analysis previously referred to is given in Table 3 

k 

(George, 1949). The ratio - - ■ ■ ■ -"• , is not in fact 

■ a(l-a) 

constant but shows a small steady increase as 
increases. The overall variation of this ratio, how- 
ever, is far less than that obtained using Legge’s 



Fig. 7. Plot of -7 against (1 -a)/a (©); and 
a(l-a) 

1/a (•) in the case of myglobin. 


mechanism (Legge, 1942), assuming methaemo- 
globin formation by the imique decomposition of 
11^4(02)2, and for this reason analysis of the results 


z. / 

^obs. 


• IS 


in terms of eqn. 1 was suggested. If now ^ 

plotted against (1 — o)jo and 1/a as has been done in 
Fig. 7 for myoglobin, the two lines in Fig. 8 are 
obtained, thus showing that haemoglobin autoxida- 
tion follows the same pattern. In this case the two 
possible equations are 

*obs. = 0-68K(l-a)-f 4x 10-2(l-a)2, (5a) 
Z:„b,' = 0-64a(l-a)-f4x 10-2(l-a). (56) 


Table 2. Calculations of F, the high pressure component of the overall first order 
constant for myoglobin autoxidation 




(r = U,-Z-ia(l- 

■ a), where Ici 

=2-62 or 2-30 

hr.”^ 


Poa 

(mm.) 


o=EiK + 0„, 1 

-o= 02 l(K+ O 3 ), where K 

= 1-16 mm.) 


1 -a 

a 

a(l-a) 

Z-oba. 

Z:oba.-2-62 a(l - a) 

Z-„ba.-2-30xa(l 

0-3 

0-21 

0-79 

0-166 

0-39 

0 

1 

(- 0 - 01 ) 

0-6 

0-35 

0-65 

0-228 

0-635 

0-035 

0-105 

1-0 

0-47 

0-53 

0-249 

0-745 

0-085 

0-165 

1-5 

0-57 

0-43 

0-245 

0-74 

0-100 

0-180 

2-0 

0-64 

0-36 

0-230 

■ 0-74 

0-130 

0-200 

3-0 

0-725 

0-275 

0-199 

0-70 

0-180 

0-240 

4-0 

0-78 

0-22 

0-172 

0-635 

0-205 

0-245 

100 

0-99 

0-011 

0-011 

0-32 

0-29 

0-29 

160 

0-99 

0-007 

0-007 

0-30 

0-28 

0-28 

760 

1-00 

0-0015 

0-0015 

0-33 

0-33 

0-33 
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The points corresponding to the two lowest oxygen The empirical equation- suggested by Broolcs 

pressures do not lie on the lines, which may be (1931) 

attributed to uncertainty in the precise value for ^ . 

; a small imcertainty in this region leads to large ° l + bp 


Table 3. Analysis 0 / Brooks’s (1935) results for 
haemoglobin autoxidation in Q-QiA-phosphate buffer 
at 30 “’ 

(The observed first order constants are divided by the 
oxygen pressure function a(l - a) based on equilibrium 
measurements on the haemoglobin-oxygen reaction under 
the same experimental conditions.) 


POi 

koht. 

{hr.~^ X 10 ’“) 

a 

1-a 


4-5 

9-9 

0-89 

0-11 

1-01 

6-0 

12-6 

0-85 

0-15 

0-98 

13-7 

16-9 

0-84 

0-36 

0-69 

16-0 

17-6 

0-57 

0-43 

0-72 

25-8 

17-7 

0-39 

0-61 

0-74 

33-3 

14-6 

0-29 

0-71 

0-71 

63-1 

10-3 

0-12 

0-88 

0-97 

92-9 

8-45 

O-OS 

0-92 

1-16 

123 

7-40 

0-06 

0-94 

1-30 

153 

6-36 

0-048 

0-95 

1-39 

438 

8-17 

0-035 

0-965 

1-52 

723 

4-61 

0-030 

0-97 

1-59 



Fig. 8. Plot of against (1 - a)/a {©) and I/a {♦) in 

a(i - a) 

the case of haemoglobin. (From Brooks’s (1935) data.) 


proved very successful in accoimting for the haemo- 
globin data, but it does not fit the myoglobin data so 
well as eqns. 4o and 46 at high oxygen pressures, for 
Brooks’s equation like the single term fcja(l ct) in 
eqn. 1 diminishes continuously as Po^ increases. 
The chief distinction between the haemoglobin and 
myoglobin systems is that the same range .of oxygen 
pressures, 0-3-760 mm. covers a far wider range in 
the fraction of unoxygenated haemoprotein in the 
case of myoglobin than in the case of haemoglobin. 
This is well brought out by comparison of Tables 2 
and 3. 

It is probable that other oxygen-pressure func- 
tions could be found to accoimt equally well for 
kah , . particularly if more than one single function is 
used, as in eqn. 3 above. The merit of the present 
analysis is that it gives a close fit with the data using 
only oxygen-pressure functions directly connected 
with known possible reactants, i.e. « and (I — a) 
represent the fractions of imoxidized haemoprotein 
present in the reduced state and in combination 
•with oxygen respectively. 

DISCUSSION 

The kinetic data on myoglobin and haemoglobin 
autoxidation reveal the same anomaly at low 
oxygen pressures. Eqns. 4a and 46, 5a and 5bshow 
that the observed rate constant shows a complex 
second order variation with oxygen pressure accord- 
ing to the product of the concentrations of Mb and 
Mb 02 , Hb and HbO™, whilst it is obtained from a 
first order reaction ; for if Fep'*' represents the total 
ferrous protoporphyrin concentration and a and 
(l~a) the fractions of it free and combined with 
oxygen respectively, then the observed oxygen 
pressure relationship would be expected to derive 
from the kinetic equation 

dFe®-*- 

= «Fe®+, 

i.e. second order in Ecp'^. 

A possible explanation for this anomaly is that 
the autoxidation is a complicated sequence of 
reactions, such that the total concentration of im- 
oxidized haemoprotein appears in the denominator 
of a rate equation of the form 


discrepar>cies in the functions plotted. It again 
appears tlint the experimental data as a whole do 
not permit a choice between the two possible 
equations for Ap, . 


dFe;+_I-,(l--«) Fe'+ fc,aFe;+ 

d< fc,Fe?+ 

=:^^l-a)(a)Fe;+. 


( 6 ) 
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where ka , ki, and k^ are the rate constants for certain 
steps in the mechanism. The numerator of the 
equation suggests that in step a MbOg or HbOo is 
involved, giving the term — a) FCp''' and in step 

b the free ]\Ib or Hb, giving the term fci,aFep+. 

This gives an indication as to what may be the 
operative rate equation at high oxygen pressures, 
whether it corresponds to 4a and 5a or 46 and 5b. 
As the oxygen pressure is increased 1Mb and Hb will 
decrease in concentration and MbOj and Hb02 
increase. Thus if both the free and oxygenated forms 
can tmdergo the same chemical reaction signified in 
the rate constant k,, , then the high oxygen pressure 
relationship would be given by 

dFe^p+ _ h(l-a) Fe;+ k',(l-a) Fel^ 
dt k,-Fel+ ’ ' ’ 

and the ratio of kj, to k'^ would be given by 2'62/0-30 
for myoglobin in eqn. 4a and by 0-68/0-04 in the 
case of haemoglobin in eqn. 5a. The fact that, with 
myoglobin, the activation energy at 760 mm. is 
greater than that at 4 mm., as shown in Fig. 5, 
supports this interpretation, for when IMbOj reacts 
additional energy required to break the iron-oxygen 
bond would be expected to appear as an increase in 
the activation energy. This is one simple way of 
accounting for the transition between the Idnetics 
at low and high oxygen pressures. Attempts to 
account for the order of the reaction and the transi- 
tion of the kinetics in terms of an equation of the 
form 46 and 56 have so far failed, and for this reason 
interpretation of the kinetics in terms of the rate 
eqns. 6 and 7 can profitably be explored. 

Equations of this type are reminiscent of those de- 
rived from free radical mechanisms in which two 
valency states of a metal ion compete for the same 
free radical. The mechanism suggested by Weiss 
(1935) for the autoxidation of ferrous ion, in which 
the radicals 07 , HOj , HjO, and the OH radical are 
intermediates, is : 

1 

Fe=+ -f 0„ ^ Fe3+ + OJ 

07-l-H+^=iH0j 

2 

Fe2+ + HOo > Fe3+ + HOT 

3 

Fe3+ -1- Oo ^ Fe2+ + Oo 

HOT-l-H+^=iH202 

2Fe=+ -f HjO, 2Fe3+ -t' 20H-. 

From the appropriate stationary state equations it 
can be shown that the oxidation rate should be 


dFe=+ 

dJ 


= 4itiFe2+ 


O. 


k„'Fe^+ 

A-,Fe2+-ffc3Fe3+' 


The numerator in this equation is similar to those 
in eqns. 6 and 7, hut the denominator does not 
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correspond, in fact here the predicted rate is not 
first order with respect to the ferrous ion concentrar 
tion. However, a free radical mechanism which can 
account for the myoglobin and haemoglobin 
kinetics can be derived in the following way. 

Barb.Baxendale, George & Hargrave (1949, 1951), 
in an extensive study of the ionic iron-hydrogen 
peroxide system, showed that cupric ions are able to 
catalyse the reaction of Fe®+ with 07 through the 
two steps 

^ rate- 

Cu2+ -1- 07 ^ Cu+ -1- O2 , 

determining 


very 

Cu+ -1- Fe3+ y Cu2+ + Fe2+. 

rapid 

Now if it is assmned that there is an auxiliary 
electron-accepting group in the unoxidized forms 
of myoglobin and haemoglobin that can act as the 
cupric ion does, this enables the following reaction 
scheme to be formulated : 


1 

O-Fe^+0,^ 

3 


i0-Fe=+-bO7 

2 


0-Fe®+ -b HOo ^ 0-Fe=+ -f OjH" 


b-Fe^+ 
0-Fe^+ O2 



0-Fe;+ 

o-Fe°+Oo 


+ O2 


0-Fe“+ 

,0-Fe“+ O2 


very 

-l-0-Fe=+ 

rapid 


b-Fe2+ 
0-Fe=+ O2 


-t-0.Fe^+ 


followed by the reaction of the H2O2 with two more 
myoglobin or haemoglobin molecules. In this 
scheme 0-Fe^+, 0-Fej+ Oj and 0-Fe®+ represent, for 
instance, 1Mb, MbOj and MetMb with the electron- 
accepting group in its oxidized state, p-Fep+ and 
o-Fep+ Oo , when the group in Mb and MbOj has 
accepted” an electron. The solution of the stationary 
state equations gives 

dFe2+ 4iti( 1 - a) Fe^+A:2aFe^+_ 

“ *,Fe^+ + *2«Fe“+ -b ’ 

If step 4, which is the back reaction- regenerating 
Mb, predominates, then this equation reduces to 


dFeg+ 4fcifc2 

dt k^ 


(1-a) (a)Fe; 


s-t- 

'P 


( 8 ) 


which is identical in form with eqn. 6. 

If MbOa can also react like Mb in reaction 2 but 
less rapidly, i.e. 

2' 

0-Fe“+ O2 -b ho; 0-Fe^+ -b 0, -b 0«H-, 

and this reaction replaces reaction 2 at high oxygen 
pressures, then eqn. 8 becomes 

= 4^2 (I - g) ( 1 - g) Feg+, (9) 

di ki 


which is identical with Eqn. 7 . 
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Although this mechanism can account entirely 
for the kinetic behaviour obtained from spectro- 
photometric measurements of the metmyoglobin 
formation, it leaves imexplained the abnormal con- 
sumption of oxygen during the reaction. In a 
previous paper (George & Stratmann, 1952) it was 
sho\vn that 2-5 ±0-3 moles of oxygen are used for 
each mole of metmyoglobin formed. The stoicheio- 
metry in the above mechanism requires the ratio to 
be 0-25 or 0-5 if the peroxide is utilized in a secondary 
oxidation. Without detailed knowledge of which 
groups on the protein molecule are involved no 
further progress can be made in establishing the 
precise mechanism. Even though the simple re- 
action scheme leading to eqns. 8 and 9 is thus in- 
adequate in detail there is good reason to believe it 
to be correct in principle in so far as the kinetics 
derive from competition reactions, for such re- 
actions accmmt readily for the form of the rate 
equation. 

SUMjMAIIY 

1. The oxidation of myoglobin to metmyo- 
globin by molecular oxygen at 30° in O-Oir-phos- 
phate buffer, pH 6-69, is shown to be first order in 
unoxidized myoglobin over a range of oxygen 
pressures from 0-3 to 760 mm. 

2. The observed first order rate constant at first 
increases with increasing oxygen pressures, shows 
a well defined maximum value at 1-1-4 mm. partial 
pressure of oxygen and then decreases to a constant 
value above 30 mm. 

3. The determination of the equilibrium con- 
stant for the myoglobin-oxygen reaction imder the 
conditions of the oxidation experiments at 30° gave 
Kf = 0-88 ± 0'12 mm.~'. Hence the partial pressvue 
for half saturation is 1-1-31 mm. and thus has 
its maximum value at half saturation. 

4. Using this value of the variation of 


^obs "nuth oxygen pressure is shown to be of the 
form 

/t„t,=2-62a(l- a) -f 0-30(1 -a)2, (a) 

or Z;„i,, = 2-30a(l-'a)-)-0-30(l-a), (b) 

where a and (1 — a) are the fractions of Mb and 
MbOj respectively. 

5. The autoxidation of haemoglobin shows the 
same kinetic characteristics and Brooks’s (1935) 
data can be represented by the equations: 

= 0-68a(l- a) -t- 0-04(1 -a)= {a) 

or =0-64a(l — a)-|-0-04(l — a). (6) 

6. The activation energy at low oxygen pressures 
(4 mm.)is 19+1 kg.cal. and at high oxygen pressures 
(760 mm.) is 25 + 1 kg.cal. At these extremes the 
operative form of the equation for involves only 
the first and only the last term respectively. 

7. Neither the present data for myoglobin nor 
Brooks’s data for haemoglobin permit a choice 
between equations a and b but a consideration of the 
chemical mechanism including the different activa- 
tion energies at the extremes of oxygen pressure 
favour equation a. 

8. A free radical mechanism for the autoxidation 
is discussed which involves the participation of an 
auxiliary electron-accepting group on the protein 
molecule acting as a catalyst in a reaction re- 
generating the unoxidized haemoprotein and thus 
serving to ‘protect’ the haem from oxidation. 
However, this mechanism is not complete for it does 
not account for the additional consumption of 
oxygen above that required for oxidizing the haem 
group (George & Stratmann, 1952). 

The work described in this paper was carried out during 
the tenure by C.J.S. of an Australian National University 
Scholarship. We wish to thank Jlr T. Greenwood for 
technical assistance throughout the course of this work. 
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A previous paper (Caputto, Leloir, Cardini & 
Paladini, 1950) reported the isolation of the co- 
enzyme of the galactose -1-phosphate^glucose- 1- 
phosphate transformation, and presented a tenta- 
tive structure for the substance. This paper deals 
with : (a) studies by paper chromatography of puri- 
fied preparations of nridine-diphosphate-glucose 
(UDPG); (b) the identification of uridine-5'-phos- 
phate as a product of hydrolysis ; (c) studies on the 
alkaline degradation of UDPG, and (d) a substance 
similar to UDPG which will be referred to as UDPX. 

UDPG preparations studied by chromatography. 
Paper chromatography with appropriate solvents 
has sho'wn that some of the purest preparations of 
UDPG which had been obtained previously contain 
two other compoimds, uridinemonophosphate 
(UMP) and a substance which appears to have the 
same constitution as UDPG except that it contains 
an unidentified component instead of glucose. This 
substance will be provisionally referred to as UDPX 
(Fig. la). 

The tlnee components have been tested for co- 
enz 3 miic activity in the galactose- l-phosphate-> 
glucose-l-phosphate transformation, and it has 
been confirmed that UDPG is the active substance. 
For each mole of uridine of UDPG in a sample ex- 
tracted from the paper the total phosphate was 
2-04:, the labile phosphate (15 mm. in N-acid at 
100°) 1-04, and the reducing power (calc, as glucose) 
after hydrolysis (10 min. in 0-01 N-acid at 100°) 
1-03 moles. 

lAfiien UDPG is hydrolysed at pH 2 during 10 min. 
at 100° glucose is liberated and, as shown in Fig. 1 6, 
the UDPG and UDPX pealis are replaced by a 
slow-moving component which is uridinediphos- 
phate. 

Fig. Ic shows the results obtained after inacti- 
vating UDPG with alkali. Besides uridine phosphate 
a fast- and/or a slow-moving sugar ester are formed. 

Identification of uridine-5' -phosphate. The product 
obtained by hydrolysing off with acid the glucose 
and one phosphate group from UDPG was pre- 
■viously (Caputto et al. 1950) postulated to be 
uridine-5'-monophosphate. However, the hydro- 
lysis cmves of this compotmd resembled more those 
given by Gulland & Smith (1947) for uridine-2'-phos- 
phate. Since then Brown, Hajmes & Todd (1950) have 


found that the substance supposed to be uridine-2'- 
phosphate was uridine-5'-phosphate. The hydrolysis 
product of UDPG has now been compared with a 
synthetic specimen of uridine-5'-phosphate. Both 
substances were foimd to be identical as judged by 
chromatographic behavioiu. (Fig. 1) and by the rate 



Fig. 1. Chromatograms of UDPG preparations. Samples 
run simultaneously at 30°. Solvent; ethanoI-M-ammo- 
nium acetate, pH 7-5. Adenosine was added as reference 
substance. The log IJI values were measured at 260 m/i. 
a, partiaUy purified UDPG; 6, same after heating 
16 min. at 100° at pH 2; c, heated 5 min. at 100° with 
excess NH^OH; d, synthetic uridine- 5 '-phosphate plus 
glucose-l-phosphate. Glucose and its esters were locate 
after removing the paraffin by ether extraction followe 
by spraying with aniline phthalate. 

of acid hydrolysis (Table l).'The crystalline barium 
salts of the two substances were prepared, and Biter 
recrystallization from water it was found that t le 
microscopic aspect of both samples was the same. 
The X-ray diffraction patterns obtained by Frot. 
Galloni were identical for both samples. 
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Table 1. Acid hydrolysis of uridine phosphates 
(Samples heated at 100° in O'lN-HjSOi.) 


P hydrolysed (%) 
^ - - 



f 

Synthetic 

uridine-5'- 

UMP from 

UMP from 
UDPG by 

Time 

UDPG by acid 

alkaline 

(hr.) 

phosphate 

hydrolysis 

hydrolysis 

8-2 

12-5 

13-7 

13-7 

20-4 

26-5 

28-2 

29-2 

36-5 

44-4 

46-0 

43-9 

59-5 

67-0 

59-7 

58-7 


The alkaline degradation of uridine-diphosphate- 
glucose. It has been reported previously (Caputto 
et al. 1950) that UDPG loses its catalytic activity 
after a mild treatment with alkali. It was found that 
this inactivation was accompanied by a stabilization 
of the glucose residue and by the liberation of a 
secondary acid group of phosphoric acid. Further 
work on this point has shown that mild alkaline 
treatment of UDPG leads to the formation of UMP 
and a glucose ester in which the phosphate is doubly 
esterified. This substance (‘Fast Ester’) moves 
faster than any of the known glucose esters during 
paper chromatography. With a more drastic 
alkaline treatment or with acid the ‘Fast Ester’ is 
transformed into another substance or substances 
which move more slowly. These are referred to as 
‘Slow Ester(s)’. 


CHjOH 



0 

Fig. 2. 


The experiments whieh will be described can be 
interpreted by assigning to the ‘Fast Ester’ the 
struct ure of a l:2-monophosphoric ester of glucose 
(Fig. 2). Further treatment with alkali would ydeld 
a mixture of glucose-2- and glucose- 1 -phosphate by 
hydrolysis of the links marked a and b respectively. 


Treatment with acid would yield the same products, 
but since glucose- 1 -phosphate is hydrolysed im- 
mediately only glucose-2-phosphate would remain. 
Thus the ‘ Slow Ester ’ prepared with alkali should 
be a mixture of glucose-1- and glucose-2-phos- 
phates, while that prepared with acid should be 
glucose - 2 -phosphate . 

The exact conditions under which UDPG is 
degraded with alkali have not been determined. It 
is decomposed rapidly diu-ing cluomatography with 
the ethanol-ammonia solvent. Under these condi- 
tions the formation of the ‘Fast Ester’ apparently 
occurs in less than 20 min., since the latter appears 
as a well defined spot with practically no tailing. 
At pH 8 at 18“’ UDPG remained imchanged during 
18 hr. At pH 8-5 in 2 min. at 100° a mixture of 
UMP, and ‘Fast’ and ‘Slow’ ester was formed. In 
concentrated ammonia at 0° during 30 min. UMP 
and ‘Fast Ester ’ were formed. 



Fig. 3. Titration curve of the ‘Fast Ester’. The substance 
was passed through a column of cation exchange resin in 
the hydrogen form. One sample was titrated directly 
(curve A) and another sample (cun’e £) was heated 
15 min. to 100° before titration. After this treatment 
10% of inorganic phosphate and 10% of the glucose were 
liberated. The arrow marked P shows the pmoles of phos- 
phate in the sample. 

Properties of the 'Fast Ester'. Table 2 sho^vs the 
Rp values of the ‘ Fast Ester ’ compared -with glucose 
and glucose-l-phosphate. With the solvents which 
were used the Rp values are grossly inversely pro- 
portional to the number of acid groups in the mole- 
cule : thus hexosediphosphates move slower than the 
monophosphates. For the ‘Fast Ester’ the values 


Table 2. Paper chromatography of the 'Fast' and 'Slow' esters 
(Wliatman no. 1 paper.) 

Rp values 


Solvent 

‘Fast 

‘Slow 

Glucose-l- 

Ester’ 

Ester’ 

phosphate 

Etlianol (77 Ta v/v) 

0-29 

_ 

O-IO 

Ethanol ammonia 

0-53 

0*17 

014 

0-20 

Ethanol ammonium acetate, pH 7-5 

0-55 

0*22 


Glucose 


0-42 

0-58 

0-71 
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are nearly as high as those of free glucose. This fact 
was the first indication that the substance contains 
fewer acid groups than any of the Imown hexose- 
monophosphates. This was confirmed by electro- 
metric titration (Fig. 3) which shows the presence of 
a primary but no secondary acid group. Acid 
hydrolysis of the ‘Fast Ester’ yielded a sugar which 
was identified as glucose by paper chromatography 
in several solvents. The same result was obtained 
after hydrolysis with allialine phosphatase. 



Fig. 4. Acid hydrolysis ofthe' Fast Ester’. Samples heated 
at 100° in 0 - 1 n-H 2 S 04 . Reducing power measured with 
Somogyi’s (Somogyi, 1945) copper reagent followed by 
arsenomolybdic acid (Nelson, 1944). • — •, phosphate; 
O — 0> reducing power as glucose. 

The ciu-ve of hydrolysis of the ‘Fast Ester’ in 
OTN-acid is showm in Fig. 4. The curve shows a 
break at about 26% hydrolysis as if it were the 
curve of a mixture of 26 % glucose- 1 -phosphate and 
74% glucose-2-phosphate. The curve of liberation 
of reducing power is parallel to that of phosphate 
liberation. With the reagent used (Somogyi, 1945) 
glucose-2-phosphate does not give a detectable 
reduction. On heating the ‘Fast Ester’ in OTn- 
alkali (Fig. 5) 26 % glucose- 1 -phosphate is formed in 
less than 5 min. and may be detected with the 
specific phosphoglucomutase test. The hydrolysis 
curve of the remaining 74 % of organic phosphate is 
similar to that of glucose-2-phosphate. 

Heating the ‘Fast Ester’ in dilute acid for a few 
minutes leads to the liberation of a secondary acid 
group of phosphoric acid (Fig. 3). The change can 
also be detected by paper chromatography, since 
the ‘Fast Ester’ is transformed into esters having 
about the same Rp as the normal hexosephosphates 
(Table 2). 

Osazone formation fro7n 'Slow Ester’. The phos- 
phate liberated during osazone formation was 
estunated on a sample of ’‘ Slow Ester ’ obtained from 
the ‘Fast Ester’ by heating at 100° for 6 min. in 
OTx-acid. The inorganic phosphate formed by the 
acid treatment was measured and subtracted from 
the value obtained after phenylhydrazine treatment. 
For comparison glucose- 1 -phosphate and glucose-2- 
phosphate were also tested. The results were as 
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follows (% liberation of P) : glucose- 1 -phosphate, 0; 
glucose-2-phosphate, 94%; ‘Slow Ester’, 100%. 

Liberation of phosphate during osazone forma- 
tion would appear in theory to be specific for sugars 
with a free carbonyl containing phosphate in the 1 
or 2 positions. However, it has been observed that 
glucose-3-phosphate (Raymond' & Levene, 1929) 
and fructose- 3-phosphate (Levene, , Raymond & 
Walti, 1929) also lose phosphate during osazone 
formation. 

The structure proposed in Fig. 2 for the ‘Fast 
Ester’ is consistent with experiments described in a 
previous paper (Leloir, 1951), in which a ‘Fast 



Fig. 5. Alkaline hydrolysis of the ‘Fast Ester’. Inorganic 
phosphate was estimated after the samples (1-1 pM) were 
heated in 2 ml. of 0-1 x-NaOH to 100° in stoppered bronze 
tubes. In a parallel experiment glucose-l-phosphate was 
estimated with yeast phosphoglucomutase (Cardini, 
Paladini, Caputto, Leloir & Trucco, 1949) activated with 
glucose diphosphate. Glucose-l-phosphate standards were 
run at the same time. The samples of the ‘Fast Ester’ 
gave 26% of glucose-l-phosphate after heating 5 min. in 
O-lx-NaOH, and the values remained constant after 
heating 10 or20min. Gluoose-l-phosphatewasnotaffected 
by phosphoglucomutase. The corrected values for the per- 
centage hydrolysis of the ‘Fast Ester’ were calculated by 
considering the total phosphate minus theglucose-l-phos- 
phate as equal to 100. #,Farrar’s data; 0> this paper. 

Ester’ containing galactose was detected besides 
that containing glucose. Evidence for the « 
structure of glucose in UDPG has been obtained 
from preliminary polarimetric observations. It was 
found that an acid treatment which hydrolysed off 
the glucose produced a decrease in dextrorotation : 
A[M]=183°. This value is similar to that for the 
conversion of a-glucose-l-phosphate to a^-glucose 
(A[M] = 218°). For an a-glucose ester the likely 
positions for the formation of a cyclic phosphate 
would be 1 : 2 or 1 : 4. But since 1 : 4 would be very 
imlikely for an a-galactose ester it was concluded 
that both the glucose and the galactose esters were 
probably esterified at the 1 and 2 positions. 

It may be mentioned that Forrest & Todd (1950) 
have described the formation of a cyclic phosphate 
of riboflavin by alkaline treatment of flavin- 
adenine-dinucleotide. Periodate oxidation use 
1 mole of oxidant and gave no formic acid so that 1 
was concluded that the phosphate was esterified a 
positions 4 and 5 of the ribityl residue. 
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VDPX. The substance giving the small peak 
which runs faster than UDPG (Fig. la) has been 
isolated in small amounts by paper chromato- 
graphy. Analysis showed that the ultraviolet 
spectrum at different pH values and after bromine 
treatment was that of uridine, and that for each 
mole of uridine in UDPX the total phosphate was 
2-04, labile phosphate (15 min. in N-acid at 100 ) 

1-0, and reducing power after hydrolysis (10 min. in 
0-01 N-acid at 100°, calc, as glucose) 0-5 mole. 

UDPX was found to remain tmaffected by a 
treatment with alkali sufficient to decompose 
UDPG (Fig. Ic). 

The unknown component of XJDPX has been 
studied by chromatography in various solvents, and 
it has been found to be different from the following 
substances; aldohexoses, pentoses, fructose, taga- 
tose, sorbose, glucosamine, uronic acids, fucose, 
rhamnose, xylulose, ribulose, deoxyribose, adonose, 
erythrulose, 1- and 3-methyl fructose, 2- and 3- 
methyl glucose, glyceraldehyde and dUiydroxy- 
acetone. 

UDPX was found to be clearly different from 
UDP galactose (Leloir, 1951) and from the com- 
pound found by Park & Johnson (1949) and Park 
(1950) in Staphylococcus aureus. The values, both 
of the intact substances and of the sugars obtained 
by hydrolysis, were different. 

The substance X was found to be unfermentable 
by baker’s yeast and to give negative results in the 
following tests: resorcinol for ketoses (Roe, 1934); 

Elson & Morgan (1933) for amino sugars, orcinol for 
pentoses (Mejbaum, 1939), and the test for methyl 
pentoses (Nicolet & Shinn, 1941). With the aniline- 
phthalate reagent it gave a brownish-yellow colour 
which only appeared after prolonged heating. 


end of the strips, and the position of the substances was 
referred to appropriate substances such as glucose for sugars 
and adenosine for nucleotides. The solvents used were; 
(o) 7-5 vol. of 95% ethanol plus 3 vol. of M-ammomum 

Table 3. -B^denosms 'lvalues, at 20 ± 1-5° of some purines, 
pyrinvid/ines and derivatives 

Solvent 


Ethanol- 

ammonium 


Ethanol- 

ammonium 


Substance 

Thymine 

Uracil 

Uridine 

Gytidine 

Adenine 

H3rpoxanthine 

Adenosine 

Uridine-3'-phosphate 

Guanosine 

Cjrtidylic acid 

Uridine-5' -phosphate 

Adenosine-S'-phosphate 

Adenosiue-5'-phosphate 

UDPX 

UDPG 

Guanylic acid 

Uridine diphosphate 

Diphosphopyridinenucleotide 

Adenosinetriphosphate 

Xanthine 

Guanine 


acetate. 

acetate. 

pH 7-5 

pH 3-8 

_ 

1-25 

M3 

1-16 

M3 

M6 



1-10 

1-06 

1-00 

— 

1-00 

1-00 

1-00 

0-46 

0-94 

— 

0-88 

0-34 

■ 0-85 

0-35 

0-84 

0-29 

0-76 

— 

0-73 

0-55 

0-73 

0-43 

0-65 

0-22 

0-63 

0-14 

0-59 

0-21 

0-32 

007 

— 

0-0 

00 

0-0 

0-0 


acetate (pH~7-5); (6) same as (a) but with M-ammonium 
acetate buffer of pH3’8; and (c) 7'5vol. of 95% ethanol 
plus 3 vol. of concentrated ammonia. With solvent (a) the 
nucleotides give values of PodenMine below 0-7, while the 
nucleosides give higher values (Table 3). The Rp values of 
nucleotides vary with the pH of the solvent (Magasanik, 
Vischer, Donigcr, Elson & Chargaff, 1950) and with tem- 
perature. As shown in Fig. 6, the changes with temperature 
are not parallel for all the substances. 


EXPERBIENTAL 

Methods. Analytical methods and preparations were as 
described in previous papers (Caputto et at. 1950). Glucose- 
2-phosphnte was prepared from diphenyl l;3:4:6-tetra- 
neetyl-^-n-glucose-2-phosphoto (Farrar, 1949) kindly 
supplied by Sirs K. K. Farrar. A sample of synthetic 
uridinc-5'-phosphntc was obtained from Prof. A. R. Todd. 

The ‘Slow Ester’ was usually prepared by paper chro- 
matography of UDPG with ethanol-ammonia as solvent. 
Tlie position of the substaneo was revealed in a small part of 
the paper with aniline phthalate and the ester was subse- 
quently extracted with water. 

Paper ehromatography. Descending chromatography was 
usually employed, except wlien the experiments were 
carried out in a thermostat. In these cases a more compact 
chamber similar to that described by Block (1950) was used 
in which the solvent travels first upwards and then down- 
wanls. 

\Yhatman paper no. 1 was employed throughout. For 
nucleotides and phosphoric esters it was found convenient 
to wash the paper with 2x-acetic acid (Hanes S: Isherwood, 
1949). Usually a pad of blotting paper was stapled at the 



Fig. 0. Paper chromatography of some purine and pyri- 
midine derivatives. Ethanol-ammonium acetate sol- 
vents. a, of pH 7'5, and b, of pH 3'8, as described in text. 

The position of ultraviolet-absorbing substances was 
ascertained by measuring the extinction at 260 mp. after 
impregnation of the paper with liquid paralSn. A standard 
Beckmann spectrophotometer was used with an accessory 
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which allowed strips of paper to he run along the photocell 
entrance (Leloir & Paladini, 1951). 

Sugars and their esters were revealed with aniline 
phthalate reagent (Partridge, 1949). 

Liberation of phosphate with phenylhydrazine. This pro- 
cedure was described by Deuticke & HoUmann (1939) for 
the estimation of fructosediphosphate. The analytical 
procedure has been modified by Dr Cardini as follows: 

Reagents: (a) 6% (w/v) phenylhydrazine hydrochlo- 
ride in water (decolorized with charcoal if necessary); 
(6) saturated solution of sodium acetate; (c) saturated 
NaoSOs. 

The samples and phosphate standards in 0'5 ml. of water 
plus 0-1 ml. of (a), 0-05 ml. of (6) and 0-1 ml. of (c) were 
heated 30 min. in a boiling-water bath. After cooling 
0-75 ml. of 5N-H2SO4, 0-75 ml. of 2-5% ammonium molyb- 
date and water to a total vol. 1-5 ml. were added. After 
10 min. the optical density was measured at 660 mji. 
Controls heated without phenylhydrazine were run at the 
same time. 

SUMhlARY 

1. Purified preparations of uridine-dipliosphate- 
glucose (UDPG) were studied by paper chromato- 
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graphy and found to be contaminated with uridylic 
acid and a substance TJDPX. 

2. The tiridylic acid obtained by degradation of 
UDPG has been identified as uridine-5'-phosphate. 

3. The alkaline degradation products of UDPG 
are uridine-5'-phosphate and a cyclic phosphate 
ester of glucose, probably esterified at positions 1 
and 2 of the glucose. This ester decomposes with 
acid or alkali giving glucose- 1-phosphate (25 %) and 
glucose-2-phosphate (75%). 

4. The contaminating substance UDPX appears 
to have the same structme as UDPG except that 
it contains an unidentified component instead of 
glucose. 

The studies with synthetic uridine-6'-phosphate and with 
many samples of rare sugars were possible owing to the 
kindness of Prof. A. R. Todd, F.R.S., and the identification 
of glucose-2-phosphate by the generosity of lirs K. R. 
Farrar. We wish to express our thanks to them as well as to 
Prof. E. E. Galloni for the X-ray diffraction studies, to 
Dr C. E. Cardini for his co-operation with the phenyl- 
hydrazine method and to Dr J. T. Park for a sample of the 
Staphylococcus aureus compound. 


REFERENCES 


Block, R. J. (1950). Amlyt. Chem. 22, 1327, 

Browm, D. M., Haynes, L. F. & Todd, A. R. (1950). J. chem. 
Soc. p. 3299. 

Caputto, R., Leloir, L. F., Cardini, C. E. & Paladini, A. C. 

(1950), J. biol. Chem. 184, 333. 

Cardini, C. E., Paladini, A. C., Caputto, R., Leloir, L. F. & 
Truoco, R. E. (1949). Arch. Biochem. 22, 87. 

Deuticke, H. J. & HoUmann, S. (1939). Hoppe-Seyl. Z. 258, 
160. 

Elson, L. A. & Morgan, W. T. J. (1933). Biochem. J. 27, 
1824. 

Farrar, K. R. (1949). J. chem. Soc. p. 3131. 

Forrest, H. S. & Todd, A. R. (1950). J. chem. Soc. p. 3295. 
GuUand, J. M. & Smith, H. (1947). J. chem. Soc. p. 338. 
Hanes, C. S. & Isherwood, F. A. (1949). Nature, Land., 164, 
1107. 

Leloir, L. F. (1951)1 Arch. Biochem. 33, 186. 


Leloir, L. F. & Paladini, A. C. (1951). Unpublished observa- 
tions. 

Levene, P. A., Raymond, A. L. & Walti, A. (1929). J. biol. 
Chem. 82, 191. 

Magasanik, B., Vischer, E., Doniger, R., Elson, D. & 
Chargaff, E. (1950). J. biol. Chem. 186, 37. 

Mejbaum, W. (1939). Hoppe-Seyl. Z. 258, 117. 

Nelson, N.'(1944). J. biol. Chem. 153, 375. 

Nicolet, B. H. & Shinn, L. A. (1941). J. Amer. chem. Soc. 63, 
1456. 

Park, J. T. (1950). Fed. Proc. 9, 213. 

Park, J. T. & Johnson, M. J. (1949). J. biol. Chem. 179, 585. 
Partridge, S. M. (1949). Nature, Bond., 164, 442. 
Raymond, A. L. & Levene, P. A. (1929). J. biol. Chem. 83, 
619. 

Roe, J. H. (1934). J. biol. Chem. 107, 15. 

Somogyi, M. (1945). J. biol. Chem. 160, 61. 


The Structure of Urorosein 


By J. HARLEY-MASON and J. D. BU’LOCK 
Chemical Laboratory, University of Cambridge 


{Received 19 November 1951) 


Urorosein is a red pigment obtained by the action of 
mineral acids on the tryptophan oxidation product 
Lndole-3-aldehyde (Ellinger & Flamand, 1909). 
Fearon & Boggust (1950) have reviewed earlier 
work on the pigment and assigned to it the structure 
dehydro-mdolo-3':2':2:3-carbazole. This is the 
correct systematic name for the structure as shown 


by Fearon & Boggust and described by them as 
indolo-3':2':2:3-carbazole. It is, however, difficult to 
see how such a structure containing only a p- 
quinone-diimine chromophore could be so intensely 
coloured and, moreover, the absorption spectrum as 
quoted shows a close correspondence to those of the 
di-3-mdolylmethenes described by Konig (1925). t 
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seemed desirable, therefore, to re-investigate the 
structure of this pigment. Fearon & Boggust 
prepared urorosein sulphate to which they assigned 
the formula (Ci 8 HioNoS 04 ) 3 H 2 S 04 and further stated 
that no evidence could be obtained of the splitting 
off of an aldehyde side chain in the course of forma- 
tion of the pigment from two molecules of indole-3- 
aldehyde. 

We have repeated the preparation of the sulphate 
and have made, in addition, the chioride, bromide 
and perchlorate. Analyses of these salts showed 
that they are in fact derived from a base of formula 
and it is thus clear that one carbon atom is 





-CH= 





(I) 


lost in the course of the condensation. We have 
further shown that this carbon atom is in fact lost as 
formic acid, which was identified in a distillate of the 
mother liquors from the preparation of the pigment. 
Ellinger & Flamand (1909) had earlier shown that 
2-methylindole-3-aldehyde was converted by acids 
into 2:2'-dimethyl-di-3-indolylmethene salts (I; 
R = Me) with the elimination of formic acid, so that 
it appeared from ovu results that indole-3-aldehyde 
reacted in an exactly similar manner to give di-3- 
indolylmethene salts (I; R = H). A synthesis of 
such salts by the reaction of indole with ethyl 
orthoformate followed by treatment with acids was 
described by Konig (1911). We repeated this work 
and prepared di-3-indolylmethene chloride, bro- 
mide, sulphate and perchlorate. These salts were 
identical in everj' way with the urorosein salts 
obtained from indole-3-aldehyde. lilelting points 
were found to bo unsatisfactory criteria of identity, 
since salts all decompose rather indefinitely at 
temperatures varying with the rate of heating. 
Identity was therefore established bj' X-ray powder 
photographs and absorption spectra. The statement 
of Konig (1911), that the sulphate obtained by the 
orthoformnte method and Ellinger & Flamand’s 
urorosein sulphate are spectroscopically identical, is 
thus confirmed. As Fearon & Boggust observe, the 
salts tend to dissociate in dilute solution and the 
absorption spectra were therefore determined in the 
presence of free acid. The intense colour of the .salt is 
of course due to resonance, the positive charge 
being shared between the two nitrogen atoms in two 
equivalent inesomeric structures. 

By reaction of ethyl orthoformate for a longer 
]>eriod with excess of indole, a colourless product 
was obtained ; this was tri-3-indolylmethnne, which 
on heating with acids was converted into di-3- 
indolyhnethcne salts with elimination of a molecule 


of indole. Tri-3-(2-methylindolyl)methane has been 
shown to behave similarly. 

In agreement with Fearon & Boggust, we have 
found that indole-3-acetic acid yields a red pigment, 
apparently urorosein, on warming with acids in the 
presence of oxidizing agents, but we have been 
unable to confirm their statement that a similar 
pigment is obtained from 2-methylindole. 


EXPERIMENTAL 
Preparation of urorosein salts 

Preparation from indoleS-aldehyde. Finely powdered 
indole-3-aldehyde (0-5 g.) was heated at 70° for 1 hr. with 
35% (w/v) HCIO4 (400 ml.) with stirring. After standing 
overnight the product, which had crystallized partially 
during the heating, was collected and reorystaUized from 
acetic acid. Urorosein perchlorate formed deep-red needles 
with an intense green reflex and containing a molecule of 
acetic acid of crystaUization. (Found: C, 56-3; H, 4-0; N, 
7-0. Cj,Hi 3N2C104.C2H402 requires C, 56-8; H, 4-2; N, 
6-95%). 

Other salts. Urorosein chloride. This was obtained in the 
form of deep-red needles from ethanol-acetone. (Found: 
C, 72-3 ; H, 4-9 ; Cl, 12-4. C3,Hj3N2Cl requires C, 72-7 ; H, 4-6 ; 
Cl, 12-6%.) 

The bromide crystallized in the form of deep-red prisms 
from ethanol. (Found: C, 62-4 ; H, 4-3; Br, 24-6. Ci7Hj3N2Br 
requires C, 62-8; H, 4-0; Br, 24-6%.) Urorosein sulphate 
formed deep-red plates from acetic acid. (Found: C, 60T; 
H, 4'0; N, 8-0. Ci,Hi3N2-HS04 requires C, 59-8; H, 4T; 
N, 8-2 %.) These salts were prepared e.xactly similarly to the 
perchlorate using 20 % (w/v) HCl, 20 % (w/v) HBr and 30 % 
(w/v)H2S04. 

Preparation from indole and ethyl orthoformate. Indole 
(1-2 g.) and ethyl orthoformate (0-8 g.) were dissolved in 
ethanol (5 ml.), 1 drop of dilute ethanolio HCl added as 
catalyst and the mixture refluxed for 1 hr. After cooling, the 
deep-yellow solution was diluted with ethanol (50 ml.) and 
then 20% (w/v) HCIO4 (50 ml.) added uith stirring. 
Urorosein perchlorate crystallized out and was collected 
and recrj’stallized as above. The sulphate, chloride and 
bromide were prepared similarly using the appropriate 
acids in place of HCIO4 . 

The ultraviolet absorption spectra, determined with a 
Beckmann spectrophotometer, of the bromides and per- 
chlorates prepared by the two methods above in 95% 
ethanol containing 6 % HBr and HCIO4 respectively were 
compared and found to be identical, having maxima at 258, 
280, 487 and 530 rap. X-ray powder photographs of the 
bromides prepared by the two methods were identical. 

The action of NHj on urorosein salts gave the yellow free 
base in crystalline form : the material was, however, un- 
stable and could not be obtained analytically pure. 


i riS-mdolyhneihanc 

Indole (2 g.) and ethj’l orthoformate (0-8 g.) were dis- 
solved in ethanol (7 ml.) one drop of ethanolie HCl added 
and the mixture refluxed for G hr. Towards the end of the 
heating some pale-yellow crystalline material began to 
separate. --Uter cooling the solid was filtered off and rc- 
crj-stalhzcd from ethanol. Tri-3-indolylmethane formed 
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colourless prisms, m.p. 244-246°. (Found on a sample dried 
at 100°/10 mm.: C, 83-2; H, 5-0; N, 11-6. C25H1BN3 requires 
C, 83-0; H, 5-25; N, 11-6%.) 

Detection of formic acid 

Indole-3-aldehyde {0-2 g.) was treated with 10% (w/v) 
HCl (100 ml.) at 60° for 20 min. and the urorosein chloride 
filtered off. The mother liquor was distilled at atmospheric 
pressure and formic acid was detected in the first portion of 


1952 

the distillate by reduction to formaldehyde with Mg and 
reaction wth chromotropic acid (Feigl, 1946). 

SUMIMARY 

Urorosein salts are shown to be derived from di-3- 
indolylmethene and can be prepared either from 
indole-3-aldehyde or from indole and ethyl ortho- 
formate. 
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The Fractionation and Enzymic Breakdown of some 
Phosphorus Compounds in Leaf Tissue 

By MABGARET HOLDEN 
Bothamsted Experimental Station, Harpenden, Herts 

{Beceived 28 September 1951) 


In a recent paper Pirie (1950) has described the pre- 
paration and properties of a nucleoprotein, from the 
sap of healthy tobacco leaves, which has some 
similarity to plant viruses. The present paper is 
concerned with the fractionation of the phosphorus 
of leaf tissue to find how much of the phosphorus of 
the leaf is in the form of nucleic acid. The enzymic 
breakdown of some of the phosphorus-containing 
compounds has also been studied. 

Althpugh there is an extensive literature on the 
nature and fractionation of phosphorus compounds 
in animal tissues, plant tissues have received less 
attention. Until recently, work on plant tissues has 
been mainly confined to seeds. When leaves have 
been used the material has usually been dried as a 
preliminary. This will vitiate some of the results, for 
there would be changes duo to enzyme action during 
drying, especially at room temperature. Knowles & 
Watkin (1932) investigated the phosphorus com- 
pounds in wheat at different stages of growth. They 
used air-dry material, which probably accoimts for 
the vorj' high figures for inorganic phosphorus. They 
claim to have found phy tin in vegetative parts of the 
wheat plant, but other workers have been imable to 
find any phytin except in seeds. DeTurk, Holbert & 
Howk (1933) studied the chemical transformations 
of phosphorus in the growing corn plant and found 
that phytin disappeared rapidlj”- on germination. 
They found differences in the phosphorus distribu- 
tion between fractions when the material was 
slowly and rapidly dried. 

Heard (1945) investigated the forms of phos- 
phorus in a trichloroacetic acid extract of fresh 
barley seedlings. In a study of the nucleic acid 
content of green leaves, von Euler & Hnhn (1947, 
1948) extracted ribonucleic acid with sodium 
hydroxide ns in the Schmidt & Thnnnhauser (1945) 
procedure for animal tissues. The nucleic acid was 
precipitated as the lanthanum salt and the pentose 
content detomiined by a phloroglucinol method. 
Pcctic substances in the extract were precipitated 
with the nucleic acid, and estimation of the nucleic 
acid content based on the pentose figure gave values 
whicii were too high. Williams (1945) dc.scribed n 
method for estimating nucleic acid jfiiosphorus in 
]i!nnt material in which the dry fat -free tissue was 
iicnted with 12-5% (w/v) sodium chloride in the 
Hiorhcra. IPoi .51 


presence of triacetin. The nucleic acid in the extract 
was then precipitated at pH 1. 'In this method no 
distinction was made between ribo- and deoxyribo- 
nucleic acids. The method of Ogur & Bosen (1950) 
which, with modifications, was used in the present 
investigation for the differential extraction of ribo- 
and deoxyribo-nucleic acids was used by them on 
fresh com root tips. 

The enzymes in plant tissues concerned with the 
breakdown of phosphorus compounds have also 
been studied much less frequently than those of 
animal tissues. The presence of phosphatase activity 
in leaves is well known. Courtois & Khorsand (1950) 
have recently found that there are two phosphatases, 
•one with an optimum pH at 5-0-5-2 and the other at 
about pH 4. Schlamowitz & Gamer (1946) recog- 
nized a ribonuclease (‘ribonucleinase’) in sprouted 
soy beans. Pirie (1950) found that tobacco-leaf sap 
had ribonuclease activity. Hanahan & Chaikoff 
(1948) found a phospholipin-splitting enzyme in 
cabbage leaves which was able to attack only the 
nitrogenous base-phosphoric acid linkage of lecithin 
with the formation of choline and phosphatidic acid. 
Ducet (1949) found this enzyme and also lecithinase 
B, which splits lecithin to glycerophosphorylcholine 
and fatty acids, in niunerous other plants such as 
potato, bean, pea and ryegrass. 

MATERIAL AND METHODS 

Leaves from glasshouse-grown tobacco plants (Nicotiana 
tabacum var. MTiite Burley) were used for most of the work. 
Other species used are mentioned in the text. The midribs 
were cut out, the laminae minced in a domestic meat mincer 
and the sap squeezed out by hand through madapoUam into 
a cooled receiver. The residue in the cloth, called ‘fibre’, was 
washed three times by suspending in a volume of distilled 
water about equal to that of the sap and squeezing out. 
If not used at once the fibre was stored at 4° with CHCI 3 
added. The sap was centrifuged at 8000 rev./min. (fiOOOg) for 
lomin. and the deposit obtained called the ‘chloroplast 
fraction’. This was washed twice by suspending in distilled 
water and recentrifuging at 8000 rev./min., then it was 
finally suspended in water and stored in the refrigerator. 

For some experiments much of the starch was removed 
from the chloroplast fraction by scraping off the upper green 
layer from the white starch layer in the deposit obtained on 
ceatnfugmg. The green material was suspended in water 
centnfuged down again and separated from the starch! 

28 
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This . was repeated Tintil there was no obvious starch 
layer. 

Phosphorus. This was determined colorimetrically by a 
modification of the method of Kuttner & Lichtenstein 
(1932). Values for inorganic P were obtained by developing 
the colour in samples without incineration. 

Dry matter of fibre and of aqueous fractions. This was 
determined by drying samples in an oven at 100° overnight. 
Ethanol-ether fractions were dried over HjSO^ in a vacuum 
desiccator. 

Nitrogen. Total N was determined by a micro-Kjeldahl 
method using SeOj : CUSO4 : K0SO4 (1:1:8) catalyst. 

Carbohydrate. Total carbohydrate was determined by the 
orcinol method (Pirie, 1936), reducing sugar by the Hanes 
(1929) modification of the Hagedom & Jensen method and 
uronic acid by the method of Tracey (1948). 

Deoxyribonucleic acid (DNA). This was determined by the 
diphenylamine method (Dische, 1930) and the cysteine- 
sulphuric acid method (Stumpf, 1947), and a modification 
of the tryptophan-perchloric acid method of Cohen 
(1944). 

Determination of phosphatase activity. The liberation of 
inorganic P from sodium )S-glycerophosphate was used to 
measure phosphatase activity. For the tests a total volume 
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Ultraviolet absorption spectra. These were obtained with a 
Hilger absorption spectrograph and with a Unicam quartz 
spectrophotometer. 

pH measurements. These were made ivith a glass electrode. 
BESULTS 

Fractionation' op phosphorus cobipounds in 

FIBRE, CHLOROPLAST AND SOME SAP FRACTIONS 

Ogur & Rosen (1950) have recently described a method of 
fractionating P compounds in plant tissue involving the use 
of perchloric acid. This method has been modified, and forms 
the basis of the fractionation procedure used in the work 
described here. 

Fibre 

The P compounds of tobacco-leaf fibre have been fraction- 
ated into four groups: (1) P soluble in cold dilute acid; (2) P 
soluble in ethanol-ether; (3) P soluble in N-HCIO4 on soaking 
overnight at room temperature; (4) P soluble in N-HCIO4 
on incubating at 37° overnight. The extraction of these 
removed over 98 % of the fibre P. Table 1 shows the results 
of a t5q)ical experiment. 


Table 1. Fractionation of phosphorus in fresh and incubated fibre 


(3 g. lots of fibre (dry matter 0'617 g.) extracted successively as shown in the table. The method is described in the 
text, p. 434. The water extract from the incrbated fibre was obtained by incubating the fibre twice in water at 37° over- 
night.) 


Extractant 


1. Water, 30 ml. 

2. 0-2 N-HCIO4, 30 ml. 

3. Ethanol-ether (3 : 1), 40 ml., i.e. lipid 1 

4. N-HCIO4 at 16° overnight, 30 ml., i.e. RNAP* 

5. Two extractions with ir-HC104 at 37° overnight, 

40 ml., i.e. mainly DNAPf 

Totals 

* RNAP, ribonucleic acid phosphorus. 


P in fresh fibre P in incubated fibre 


(mj /g. of 

(% of total 

(mg./g. of 

(% of total 

dry fibre) 

in fibre) 

dry fibre) 

in fibre) 

0-097 

3-3 

2-356 

76-1 

0-102 

3-5 

0-073 

2-4 

0-64 

21-8 

0-082 

2-6 

1-61 

54-8 

0-194 

6-3 

0-485 - 

16-5 

0-391 

12-6 

2-934 



3-096 

— 


•)• DNAP, deoxyribonucleic acid phosphorus. 


of 5 ml. contained sodium ^-glycerophosphate solution 
(pH 6) to give 100 pg. P/ml., sodium citrate buffer (pH 6) 
0-041I, enzyme solution and water to make up the volume. 
Samples were removed at intervals and pipetted into 5 ml. 
of 2N-H2S04 and inorganic P determined. 

Determination of nuclease activity. The liberation of P not 
precipitable by m-anyl nitrate in trichloroacetic acid (TCA) 
(MacFadyen, 1934) from yeast nucleic acid was used to 
measure ribonuclease activity. For the tests a total volume 
of 6 ml. contained sufficient of the sodium salt of yeast 
ribonucleic acid to give 100 pg. P/ml., sodium citrate buffer 
0'04 m (pH 6). enzyme solution and water to make up the 
volume. Samples were removed at intervals, made up to 
1 ml., and 1 ml. uranyl nitrate solution 0-5 % (w/v) in 2-5 % 
(w/v) TCA was added. After standing the tubes on ice for 
10 min. the precipitates were centrifuged down and total P 
determined in the supernatants. Deoxyribonuclease activity 
was determined similarly, using a solution of the sodium salt 
of deoxyribonucleic acid from thymus (British Drug Houses 
Ltd.) and either sodium diethylbarbiturate-sodium acetate 
buffer (pH 7), or an cc-picohne-acetic acid buffer (pH 6) 
(Cecil, 1950). 


As soon as possible after mincing and washing, two 3 g. 
lots of fibre were suspended in 20 ml. water. One lot was 
incubated twice, each time for about 24 hr. at 37° with 
CHCI3 present. The other was squeezed out at once and re- 
washed Bvith 10 ml. water. The fibre was then extracted with 
two lots of 0-2N-HC1O4, 20 ml. and 10 ml., which were 
combined. The acid was not left in contact with the fibre for 
longer than 10 min. at room temperature. The fibre was then 
extracted with ethanol-ether (3:1) at room temperature 
until no more colour could be removed, as the removal of P 
paralleled the removal of pigments. The fibre was then sus- 
pended in 20 ml. N-HCIO4 and kept at room temperatme 
overnight, i.e. about 16° for 18 hr. After removal of the 
extract the fibre was washed with 10 ml. N-HCIO4 and the 
N-HCIO4 extracts pooled. The fibre was then suspended m 
20 ml. N-HClOi and incubated at 37° overnight, washed with 
10 ml. N-HCIO4 and the extracts pooled. The extract from 
a second incubation at 37° overnight with 10 ml. F-S 4 
■R'as added to the first incubation extract. 

The portion which was incubated at 37° in water was 
afterwards extracted with ethanol-ether and HCl 4 'O 
exactly the same way as the other portion. 
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(1) Gold.dilute acid-solulk P. Por the extraction of this 
fraction 0'2 n-HC1, 0-2n-HC 1O, and 6% (w/v) TCA were 
used and the results compared. There was no significant 
difference in the amount of P extracted by these acids. This 
fraction amounted to not more than 10% of the total P in 
well washed fresh fibre. From 30 to 50 % of the P in this 
fraetion was not in the form of PO4 and its nature has 
not been investigated. In fibre that had been stored in the 
refrigerator for 2-3 weeks as much as 30% of the total P of 
the fibre was in the acid-soluble fraction. The increased 
amount extractable was inorganic P due to en25miio break- 
down of P compounds and could he removed with water 
alone, without acid. 


(The small leaves were less than 10 cm. long and the large 
from 10 to 25 cm. long.) This shows that a much smaller 
proportion of the N was lost on incubation than of the 
P. The phospholipid-splitting enzyme investigated by 
TTnnnhnn & Chaikoff (1948) Caused only 6% loss of ether- 
soluble P compared with 85 % loss of N when soy bean 
phospholipin was used as substrate. In the present in- 
vestigation when cabhage-leaf fibre was incubated in water 
at 37° it behaved similarly to tobacco with the ethanol-ether 
soluble P being much reduced. 

(3) and (4) P solvhle in N-HCIO4. 'RTien fibre which had 
been washed with cold 5 % (w/v) TCA was heated at 90° for 
15 min. in 5 % TCA (Schneider, 1945) or incubated at 37° for 


Table 2. Extraction of phospholipid from fibre 


(10 g. fibre (1-98 g. dry matter, 6-13 mg. P) extracted successively as sho-ivn in the table.) 

Dry matter P 


Extractant 

! 

(mg-) 

(% total 
in fibre) 

r 

(mg.) 

{% total 
in fibre) 

(mg-/g. 
dry matter 
of fraction) 

1. Ethanol-ether, 144 ml. 

279 

14-1 

0-216 

3-5 

0-8 

2. 2 % (w/v) TCA, 84 ml. 

— 

— 

0-337 

5-4 

— 

3. Ethanol-ether, 98 ml. 

85 

4-3 

1-120 

18-1 

13-2 


Table 3. Composition of ethanol-ether extracts from fresh and incubated fibre of large and small leaves 

(Two lots (10 g.) of fibre (3-20 g. dry matter, 7-5 mg. P) from large leaves (10-25 cm. long) and 2 lots (10 g.) of fibre (2-35 g. 
dry matter, 10'9 mg. P) from small leaves ( <10 cm. long). The fresh fibres were extracted with 70 ml. 0'2 n-HC 1O4 and 
then with 120 ml. ethanol-ether. The incubated fibres were first incubated at 37° overnight in water, then extracted with 
0-2N-HC1O4 and ethanol-ether in the same way as the fresh fibres.) 




Large leaves 

Small leaves 

A 


Fresh 

"■ s 

Incubated 

/ 

Fresh 

Incubated 

Phosphorus: 





ing./g. dry matter of fibre 

0-41 

0-11 

0-70 

0-15 

% total in fibre 

Nitrogen: 

17-4 

4-8 

15-1 

3-3 

mg-/g- dry matter of fibre 

1-8 

1-3 

2-4 

1-4 

% total in fibre 

3-9 

2-8 

4-2 

2-5 

Dry matter (% total in fibre) 

15-3 

12-4 

19-8 

14-4 


(2) Elhanohcthcr soluble P. Most of the pigments and 
about 80% of the lipid material were removed from fibre by 
extraction with neutral ethanol-ether at room temperature, 
or with hot solvents in a Soxhlet extractor, ■without re- 
moving more than a small fraction of the phospholipins. 
After extraction of the fibre with acid, i.e. below pH 2, 
15-35% of the fibre P became soluble in cold ethanol-ether. 
Subsequent extraction -with hot solvents showed that 
extraction in the cold was effective in removing lipid P. 
A phospholipin fraction with a P content of about 1-5% 
was obtained by first extracting the fibre with neutral 
ethanol-ether, then with dilute acid and again '\vith ethanol- 
ether, Up to 20% of the fibre dry matter was soluble in 
ethanol-ether. Results are given in Table 2 showing the 
separation of phoapholiinn from other lipids. 

Incubation of fibre in water decre.ased the amount of P 
soluble in ethanol-ether following acid extraction by as 
much as 90% (Table 1). The dry matter extracted was 
diminished by less than 20 %. Table 3 compares the composi- 
tion of the etbanol-etbcr fraction, following acid extraction, 
from fresh and incubated fibre of large and small leaves. 


several hours in acid of the same strength all the P which was 
brought into solution was in organic form. Lipid P, if not 
already removed, was extracted in addition to nucleic acid 
and over 90 % of the fibre P was brought out. Ogur & Rosen 
(1950) found that ribonucleic acid (RNA) could be' ex- 
tracted from root tips, without removmg deoxyribonucleic 
acid (DNA), by soaking in ^•-HC104 at 4° for 18 hr. The DNA 
was then c.xtracted by heating the residue with two lots of 
0-5K-HC104 for 20 min. at 70°. They used HCIO4 instead of 
TCA -which had been used for much of the earlier work on P 
fractionation in animal tissues, because unlike TCA it has 
almost negligible absorption in the ultraviolet. With leaf 
tissues tlie RXA is not extracted so easily, and either a 
higher temperature or a higher concentration of acid has to 
1« used. To remove all the RNA it is necessary to use condi- 
tions which will cause some of the DNA to become soluble. 
Iig. 1 shows the amount of P extracted from acid and 

concentrations of 

HOO, (3, 1-0 and 0-33 k) at 4 and 16° and also 1-Ov at 37° 
o f i" ‘he e-^tracts by the diphenylamine 

method. The amount of DNA was negligible except in the 

28-2 
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3ir-HC104 extract at 16° after 2 hr. and in all the samples of 
N-HCIO4 at 37°. Tor the routine determination of BNA the 
fibre was extracted with N-HCIO4 at room temperature 
overnight. However, the amount of RNA extracted under 
these conditions does not represent the true total. A second 
extraction with N-HCIO4 at 16° will remove a small amount 
more RNA but some DNA then becomes soluble. In the 
chloroplast fraction (p. 438), where results are not compli- 
cated by the presence of DNA, it is clear that some of the 
RNA is not brought out with N-HCIO4 at 16°, but that a 
higher temperature had to be used to extract it. Much of the 
RNA of fibre is due to the presence of chloroplasts so the 
same is to be expected of the fibre RNA. 



Fig. 1. Extraction of P from fibre with HCIO4. 0-5 g. lots 
of acid and ethanol-ether extracted fibre (dry matter, 
141 mg.; P, 410pg.) in 6 ml, HCIO4 {0-33n, n, or 3 n) for 
the times and at temperatures shown. 

Less than 6% of the total P in extracts made with K- 
HCIO4 16 ° was inorganic. The carbohydrate content was 
low, but when 2-3 vol. ethanol were added a precipitate 
appeared which was mainly ‘soluble starch’ and pectin. The 
precipitate contained up to 10 % of the P of the extract. 
When saturated Ba(OH)2 '"'*8 added to the ethanoUc solution 
to raise the pH to about 9 a precipitate formed containing 
60-80 % of the P originally present in the extract. The ultra- 
violet absorption of a N-HCIO4 extract had a maximum at 
about 260 mp. and absorbed more strongly than an aqueous 
solution of yeast ribonucleic acid of the same P content. 
Ogur & Rosen (1950) found that treatment of nucleic acid 
samples with N-HCIO4 increased the absorption at 260 mp, 
and this was confirmed using yeast ribonucleic acid. 

For extraction of DNA the fibre residue was incubated at 
37° with N-HCIO4 overnight. One extraction removed the 
greater part of the P remaining in the fibre, while a second 
extraction lowered the P content of the residue to a level 
where determinations became uncertain. A longer extrac- 
tion at a lower temperature was used instead of the condi- 
tions of Ogur & Rosen. This was to minimize degradation of 
pectic substances because of the interference of galactu- 
ronic acid in colorimetric methods of determining DNA 
(Holden, unpubhshed). Determinations of DNA by the 
diphenylamine and tryptophan-HClOi methods usually 
agreed fairly well. The results obtained by the cysteine- 
sulphuric acid method were always lower than by the other 
two methods. The observed P content of the extract was 


1952 

usually higher than the P to be expected from the colour 
intensity given by the extract compared with thymus 
nucleic acid standards of known P content. This is not un- 
expected for some RNA is present. When agreement between 
the observed P and the value calculated from deoxyribose 
determinations was very close it was probably fortuitous, 
due to interfering substances increasing the absorption at 
the wavelengths used for colorimetric determinations of 
deoxyribose. 

Extracts made with N.HCIO4 at 37° contained more 
carbohydrate than those made at room temperature, but this 
was mainly non-reducing. Much of the carbohydrate was 
precipitated in a bulky gelatinous form, with up to 20% of 
the P of the extract in it, when 2-3 vol. ethanol w'ere added. 
From 50 to 70% of the P originally present in the e.xtract 
was precipitated on addition of saturated Ba(0H)2 to the 
ethanohc solution. 

Nitrogen determinations on N-HCIO4 extracts w'ere done 
after precipitation of KCIO4 at 4°, as the presence of large 
amounts of HCIO4 is known to cause loss of N during in- 
cineration (Weeks & Friminger, 1942). During the fraction- 
ation procedure about 25 % of the total N of the fibre was 
removed, of which about 5% was in the ethanol-ether 
fraction. There was a greater loss of N when fibre was incu- 
bated before fractionation, as up to 15 % of the fibre N 
appeared in the incubation extract. With the usual ratio of 
fibre to acid each N-HCIO4 extract contained about 7 % of 
the fibre N, or 3 mg./g. of the fibre dry matter, whether the 
fibre had been previously incubated or not. 

Incubating fibre in water at 37° diminished the amount of 
P in the ribonucleic acid fraction by as much as 90 %. This is 
due to the action of ribonuclease present in the fibre (p. 441). 
There was less diminution in the amount of P in the deoxy- 
ribonucleic acid fraction, a loss of from 15 to 35 % was found 
xvith different batches of fibre. Incubating the fibre in the 
presence of Mg salts did not cause a greater decrease in the 
amount of P in this fraction. 

Phosphorus fractions in the fibre of leaves of different 

ages 

Pirie (1950) found that the greatest yield of nucleoprotein 
was from the sap of small young leaves. Table 4 shows the 
results obtained in one experiment on the fractionation of P 
in the fibre of leaves of different ages. The leaves were from 
tall plants, about to flower, and the leaves were grouped 
according to size and position on the plants. The leaves in the 
group ‘young small’ were under 10 cm. long, those in the 
group ‘young large’ were 10-20 cm. long and those in the 
group ‘ old large ’ w'ere over 20 cm. long. Some of the leaves 
in the latter group were slightly yellowed but no completely 
yellow or withered leaves were included. The total ^/g- 0 
the dry matter was highest in the youngest leaves. The aci - 
soluble P as a percentage of the total P %vas shghtly higher m 
large leaves than in small but per g. of the dry matter was 
lower. The inorganic P in this fraction remained fairly 
constant per g. of the dry matter, but the P in organic one 
was lower in the large leaves. The phospholipin P/g- o 
dry matter was about the same in the different aged leaves, 
but was a much higher percentage of the total P in the arg 
leaves. Both RNAP and DNAP formed a lower Pf 
of the total P in the large leaves than in the small an 
amount per g. of dry matter was much lower. In sm 
young leaves the RNA content was of the order of 3o mg 
of the dry matter. 
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In another experiment the total amount of P in the 
various fractions in two sizes of leaves was compared. The 
twelve leaves in each group were chosen to be as uniform in 
size as possible. In one group, ‘small’, the leaves were 
14±0'5 cm.long,6-5±0-5 cm. broad at the mdest point and 
weighed 17-3 g. In the other group, ‘large’, the leaves were 
27d;l cm. long, 13'5±1 cm. broad and weighed 74-8 g. The 
leaves were minced without the midribs being removed and 


approx. 58 sq.cm, and of the large leaf 240 sq.cm. There were 
4-3 times as many cells per unit area in the small leaf as in the 
large, so that the number of cells was approximately the 
same. The results for dry matter, N and P values are given in 
Table 5. The amount of P in the large leaves was ^eater by 
only 60%, whereas there was about three times as much dry 
matter and N. In the fibre the amount of phosphoUpin P 
had doubled but the DNAP and RNAP remained the same. 


Table 4. Fractionation of phosphorus in fibre of leaves of different ages 
(3 g. lots of each fibre (known dry matter contents) extracted successively as shown in the table.) 


P in old, large leaves P in young, large leaves P in young, small leaves 

A ^ 



r 

(mg./g. of 

{%of ' 

f 

(mg./g. of 

(%of ' 

/ 

(mg./g. of 

(%of 

Extractant 

dry matter) 

total) 

dry matter) 

total) 

dry matter) 

total) 

1. 0 - 2 N-HC 1 O 4 , 30 ml.: inorg. P 
org. P 

0-2691 

0-115) 

131 

0-2191 

0-266 ) 

11-4 

0-247 1 

0-453 ) 

10-4 

2. Ethanol-ether, 40 ml. i.e. lipid P 

1-02 

34-9 

0-965 

22-7 

1-24 

18-9 

3. n-HCIOj at 16° overnight, 30 ml. 

1-045 

35-6 

1-99 

46-6 

3-16 

48-3 

i.e. RNAP 

4. Two extractions with n-HCIO. at 

0-475 

16-4 

0-811 

19-1 

1-46 

22-4 

37° overnight, 40 ml. i.e. mainly 

DNAP 

Totals 

2-904 

— 

4-251 

— 

6-560 

— 


Table 6 . Fractionation of phosphorus in leaves of two sizes 


Twelve large leaves, 74-8 g. wet wt. Twelve small leaves, 17'3 g. wet wt. 



t 

P 

N 

Dry matter 

t 

P 

N 

1 

Dry matter 


(mg.) 

(®g-) 

(g-) 

(mg-) 

(mg-) 

(g-) 

Sap + fibre washings 

6-75 

69-5 

2-616 

3-88 

20-0 

0-720 

Cliloroplast fraction 

1-87 

39-2 

0-853 

1-06 

8-4 

0-236 

Fibre: Soluble in O- 2 N-HCIO 4 

0-76'] 



0-321 



Soluble in ethanol-ether 

1-89 



0-88 



Soluble in n-HCIOi at 16° 

1-82 

I- 101-0 

3-34 

1-79 

42-7 

1-175 

Soluble in n-HCIOj at 37° 

1-13 



MO 



Unextrncted 

0-22) 



O-I 2 J 



Totals 

14-44: 

= 209-7 = 

6-808 

9-15: 

= 71-1 = 

2-131 


2-12 mg./g. 30-8 mg./g. 


4-3 mg./g. 33-4 mg./g. 



01 dry 

of dry 


of dry 

of dry 



matter 

matter 


matter 

matter 



Table 0 . Fractionation of phosphorus in fresh and incubated chloroplast fraction 

(105 mg. lots of a suspension of the chloroplast fraction (3-20 mg. P/g. dry matter) extracted successively as sho^vn in the 
table. The water extract from the incubated portion was obtained by incubating in water at 37° overnight.) 


Extractant 

1. Water 

2. 0-2X.HC1O., n ml. 

3. Ethanol-ether, 17 ml. 

4. x-HClO, for 18 hr. at 10°, 13 ml. 
r>. x-HClO, for IS hr. at 37°, 10 ml. 

Tot.als 


Fresh 


^ 

P 

s 

, (mg./g. 

p 

dry' matter) 

(% total) 

— 



0-38 

11-9 

0-93 

29-1 

1-21 

37-9 

0-51 

IC-O 

3-03 



Incubated 


^ 

P 

N 

, (mg./g. 

P 

dry matter) 

(% total) 

2-25 

70-3 

0-18 

5-6 

0-25 

7-8 

0-29 

9-0 

0-12 

3-8 

3-09 

_ 


the sap, chloroplast and fibre fractions separated ns usual, 
the washings of the fibre Ix-ing included with the sap. A 
count of the numlicr of cells p<.r unit area wn.s made on n 
rcpn-sontativcleaf ofcach group hv the method dcscribeil bv 
Morton Watson (t>.>48). The area of the small leaf avas 


Chloroplast fraction 

Table G giv^ the results of a tj-pical e.xperiment 
fractionation of P m the chloroplast fraction following 
same general scheme as for fibre. The P content per g. of 
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dry matter was very variable, depending partly on the age 
of the leaf and on how much starch was present. The amount 
of acid-soluble P was about 10 % of the total present which is 
of the same order as that in fibre. The ethanol-ether soluble 
P was 25-45 % of the total in the fraction, which is a higher 
range than in fibre. As with fibre, most of the phospholipid 
P was not extractable untU after acid treatment. 

Extraction with ir-HClOj at room temperature removed 
about 70 % of the P stiU present after extraction of lipid P; 
a higher temperature was needed to extract the remainder. 
One incubation with 11-HCIO4 at 37° overnight removed all 
but traces. The acid extracts at room temperature and 37° 
had ultraviolet absorption spectra similar to that of a yeast 
ribonucleic acid solution of the same P content in N-HCIO4. 
DNA could not be detected unequivocally by any of the 
three methods used. The carbohydrate content of the acid 
extracts was lower than in the corresponding ones from fibre 
as they contained only starch and no pectin. Nucleotide 
preparations made by precipitation of the Ba-ethanol 
insoluble P also contained much less polysaccharide than 
similar preparations from fibre. The RNA content of the 
chloroplast fraction from which much of the starch had 
been removed by differential centrifugation was 30-40 mg./g. 
of the dry matter. 

In the chloroplast fraction which had been incubated in 
water at 37° the amount of P in the various fractions was 
greatly diminished owing to the action of libonuclease and 
the phospholipid-splitting enzyme. The ribonucleic acid 
which is not extracted by N-HCIO4 at room temperature and 
which appears to be more firmly bound than the rest, is, 
however, susceptible to the action of ribonuclease. 

Table 7. Phosphorus fractionation in 
some sap precipitates 

{200 ml. sap centrifuged at 8000 rev./min. (6000 g) to 
sediment the chloroplast fraction and the successive pre- 
cipitates formed after standing for 1 and 3 days at 4°, The 
chloroplast fraction, with much of the starch removed, and 
the precipitates were washed and then suspended in water. 
The P fractions were obtained by extracting successively 
with 0-2 N'-HC104 , ethanol-ether and N-HCIO4 at 37°.) 



Chloroplast 

Ppt. after 

Ppt. after 


fraction 

1 day 

3 days 

Dry matter (g.) 

1-62 

0-52 

0-48 

P (mg./g. dry matter) 

2-1 

2-7’ 

2-8 

N (mg./g. diy matter) 

46-7 

94-3 

135 

P % of total P in fraction: 



Soluble in 0-2 N-HCIO4 16-1 

1'04 

6-5 

Lipid P 

47-0 

23-8 

30 

Nucleic acid P 

36-9 

65-8 

90-5 


Sap fractions 

The P was also fractionated by the HCIO4 procedure in the 
following materials prepared from sap: (1) the precipitate 
obtained by adding HCIO4, to a concn. of 0-2 n, to sap after 
removal of the chloroplast fraction; (2) the precipitates 
which separated out from sap (after removal of the chloro- 
plast fraction) on standing at 4°; (3) material which sedi- 
mented at 8000 rev./min. from the resuspended sediment 
from sap which had previously been spun at 40000 rev./min. 
No deoxypentose was detected in any of these fractions. The 
HCIO4 precipitate of sap had a low lipid-P content, 5-10% 
of the total P. One extraction with N-HCIO4 at room tempera- 
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ture removed the greater part of the remaining P, and it was 
not necessary to incubate at 37° to free the residue of P, a 
second extraction at room temperature was effective in 
doing this. Table 7 compares the results of the P fractionation 
in the chloroplast fraction and the precipitates which 
appeared in the sap after 1 and 3 days’ standing. The lipid P 
as a percentage of the total P of the fraction decreased in the 
successive precipitates while the nucleic acid P increased. 
The material not resuspending after ultracentrifugation 
had a high P content (over 10 mg./g. of the dry matter), 
about half of which was nucleic acid P and 40 % lipid P. No 
attempt has been made to fractionate the P in the sap which 
is not preoipitable ■with acid. 

Comparison of methods for estimation of nucleic acids 

The method of fractionating RNAP and DNAP used by 
Schmidt & Thannhauser (1 945) on animal tissues and by von 
Euler & Hahn (1947, 1948) on leaf tissue was tried on several 
batches of tobacco-leaf fibre and the results compared with 
the modified Ogur & Rosen method. Incubation of fibre 
■with N-NaOH at 37°, after removal of acid and ethanol- 
ether soluble P, brought out all the P of the fibre in organic 
form. However, when fibre was incubated 'with alkali, even 
after thorough treatment ■with solvents to remove pig- 
ments, the extract was yellow or brown and unsuitable for 
colorimetric estimations of inorganic P or of DNA. An 
added disadvantage was the high N and carbohydrate 
content of the extracts. The amount of RNAP as a per- 
centage of the total P was higher in the Schmidt & Thann- 
hauser method than in the HCIO4 method, while the DNAP 
was correspondingly lower. This is to be expected because of 
the DNAP fraction in the HClOi method containing some 
RNAP. 

FaCTOES APFECTING the ENZ'VMIC bebakdown of 

EHOSPHOHtrS COMEOtTNES IN FIBEE, CHLOEOPLAST 

AND SOME SAP FKACTIONS 

The release of phosphorus on incubation in water 
and salt solutions has been observed with fractions 
from the leaves of a number of species, including 
tomato (Lycopersicum esculentum Mill.), potato 
{Solanum tuberosum L.), bean {Phaseolus vulgaris 
li.), bryony (Bryonia dioica ilacq.), comfrey 
(Symphytum officinale L.), groimdnut (Arachis 
hypogaea L.), arid cabbage (Brassica oleracea L-)- 
Most experiments were done with tobacco leaves. 

Conditions of incubation 

Effect of temperature. At 4° there was a gradual 
increase in the amount of phosphorus extracta e 
with water. At room temperature the rate of release 
was increased, and at 37° the action was rapid an 
substantially complete in a few hours. The groa er 
part of the phosphorus in the extracts was inorganic 
phosphorus. Fig. 2 shows the effect of temperature 
on the liberation of P from fibre. , 

Effect o/pH. The optimum pH for the liberation 0 
phosphorus is between 5 and 6. Fig. 3 shows 
results of an experiment in which portions o 
chloroplast suspension were incubated for 4 ir. 
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pH values between 4 and 8. At pH values on the 
acid side of the optimum the inorganic and total 
phosphorus in the extracts was of the same order and 
the amount liberated fell off steeply as the pH 
became lower. On the alkaline side of the optunum 
there was a less steep fall in the amount released and 
the inorganic phosphorus was only half of the total 
phosphorus in the extracts. 



Fig. 2. Effect of temperature on enzymic release of P from 
fibre. 0’5 g. lots of fibre (dry matter, 100 mg.; P 300 pg.) 
in 8 ml. 0-025 x-NaCl incubated at 4, 16 and 37° for times 
8ho\vn. 

Effect of salts. Sodium chloride, sodium citrate 
and sodium azide increase the rate of liberation of 
phosphorus. Table 8 shows the effect of various con- 
centrations of sodium chloride and sodium citrate 
on the release of phosphorus from fibre. Total and 
inorganic phosphorus liberation were activated by 
both salts, but a citrate concentration of only about 
one-twonty-fifth that of the sodium chloride was 
needed to achieve the same result. Fig. 4 shows the 
results for three concentrations of sodium azide, 
compared with sodium chloride, on liberation of 
total phosphorus from the chloroplast fraction. 

The effects duo to the activity of ribonuclease and 
the phospholipin -splitting enzjune can bo separated 
from each other as the phosphorus is split from the 
RNA much more rapidly than from the phospho- 


lipin, particularly in the presence of citrate. The 
results of an experiment using fibre are given in 
Table 9. \\Tien the phosphorus fractionation in 
fresh fibre and in fibre incubated for 1 hr. at 37° in 



Fig. 3. Effect of pH on enz 3 nnic liberation of P from the 
chloroplast fraction. 1 ml. lots of a suspension of the 
chloroplast fraction (dry matter, 49 mg.; P, 100 fig.) + 
1 ml. buffer solution. The final concentration of the 
acetate buffers -n-as 0-05 m, and the Michaelis sodium 
diethylbarbiturate-acetate buffers were a 1 in 10 dilution 
of the stock solution. Incubated for 4 hr. at 37° and 2 ml. 
10% (w/v) TCA added before being centrifuged. Inorganic 
and total P determined in the supernatants. The P values 
given by a portion of suspension which was not incubated 
and to which TCA was added were subtracted from the 
results, (g) and x, Michaelis buffers; © and -f, acetate 
buffers. 

0-05Ji-sodium citrate buffer (pH 6) is compared 
{A and B in the table) it is clear that most of the 
phosphorus in the incubation extract is from the 
fraction soluble in K-perchloric acid at room 


Table 8. The effect of various concentrations of sodium chloride and sodium citrate 
on the liberation of phosphorus from fibre 


r.'-’ matter, 140 mg.; P. 220 ,ig.) incubated with 5 ml. water or NaCI solution or sodium citrate 

solution (pH C) of conen. shovm for 2, 4 and 18 hr. at 25°.) 

P in extract (^ig.) 


Time of incubation ... 

2 hr. 



Inorganic 

Total 

IVatcr 

15 

2*'> 

XaCh 0-2.7 M 

42 

58 

o-or.M 

25 

27 

0 01 M 

20 

22 

Sodium citrate: O-Oom 

SO 

120 

0-01 M 

39 

53 

0-002 M 

24 

24 




18 hr. 


Inorganic 

Total 

i 

Inorganic 

Total 

30 

30 

54 

55 

C5 

•45 

63 

49 

109 

76 

117 

88 

28 

38 

60 

75 

lOS 

C5 

127 

72 

1.51 

135 

160 

141 

40 

49 

67 

69 
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Table 9. Separation of the effects due to ribonuclease and the phospholipin-splitting enzyme 

during incubation of fibre 

(3 g. lots of fibre (dry matter 30-2 %, P 2‘6 mg./g. of dry matter) (A) P fractionated without previous incubation. 
{B) P fractionated after 1 hr. incubation in 0-05 M-sodium citrate buffer solution (pH 6). (C) Incubated for 1 hr. as [B], 
extract removed and fibre reincubated for 18 hr. in fresh solution. P fractionated in fibre residue.) 


{A) (B) (C) 

A 



P 


P 


P 



(mg./g. of 

P 

(mg./g. of 

P 

(mg./g. of 

P 


ctry matter) (% total) dry matter) (% total) dry matter) (% total) 

Incubation for 1 hr. at 37° 

— 

— 

1-240 

49-5 

1-195 

48-0 

Incubation for 18 hr. at 37° 

— 

— 

— 

— 

0-508 

20-4 

O-2N-HCIO4, 25 ml. 

0-262 

10-5 

0-083 

3-3 

0-083 

3-3 

Ethanol-ether, 35 ml., i.e. Upid P 

0-655 

26-2 

0-591 

23-7 

0-161 

6-5 

N-HCIO4, 16°, 25 ml., i.e. RNAP 

0-985 

39-4 

0-117 

4-7 

0-055 

2-2 

N-HCIO4, 37°, 25 ml., i.e. mainly DNAP 

0-497 

19-9 

0-423 

16-9 

0-387 

15-5 


temperature, i.e. RNAP. The lipid phosphorus and 
DNAP fractions have not been much diminished. 
Wlien B and G in the table are compared it is seen 



Kg. 4. Effect of sodium azide on enzjrmio liberation of P 
from the chloroplast fraction. 1 ml. lots of a suspension of 
the chloroplast fraction (dry matter, 47 mg.; P, 90 fig.) + 
1 ml. water, NaCl or sodium azide solution (with pH 
previously adjusted to 6-0). Incubated at 37° for times 
shown and 2 ml. 10% (w/v) TCA added before being 
centrifuged. Total P determined in the supernatants. The 
P value given by a portion of suspension which was not 
incubated and to which TCA was added was subtracted 
from the results. 

that a second incubation for 18 hr., of another 
portion of fibre, leads to a further diminution in the 
ENAP fraction, but that the greater part of the 


phosphorus in the incubation extract is now from 
the lipid fraction. 


Pretreatments 

Milling. Grinding the fibre in a triple roller mill 
(Bawden & Pirie, 1944) did not increase the rate of 
liberation of phosphorus or the total amount of 
phosphorus released when the fibre was subsequently 
incubated in salt solution at 37°. 

Boiling. Fibre which had been boiled did not 
liberate inorganic phosphorus when it was incu- 
bated at pH 6, but some phosphorus in organic form 
was released. Lipid phosphorus did not decrease in 
amount when boiled fibre was incubated. The addi- 
tion of dialysed sap or a dialysed extract from fresh 
fibre caused inorganic phosphorus to be liberated 
and the total amoimt of phosphorus brought out 
was increased. Table 10 shows the effect of adding 
a dialysed extract to boiled fibre. 


Table 10. Effect of adding a dialysed fibre extract 
to boiled fibre 

(0-5 g. lots of fibre (dry matter, 29-3 %; P, 2 mg./g. diy 
matter) +4 ml. sodium citrate buffer, 0’02 m (pH 6)-t-l m . 
water or 1 ml. dialysed extract of fresh fibre. Incubated at 
37° for times given. Total and inorganic P determined in 

the extracts.) . ■. \ 

P in extract (mg./g. dry fibre) 

Boiled fibre + dialysed 
extract of fresh fibre 


Boiled fibre 


Time 

r 

Total 

(hr.) 

Inorganic 

1 

<0-02 

0-146 

3 



0-218 

6 



0-287 

22 

<0-02 

0-486 


inorganic 

0-068 

0-102 

0-222 

0-324 


Total 

0-247 

0-314 

0-564 

0-966 


Acid extraction and ethanol-ether extrac lon. 
Phosphorus in organic form, but 
phosphorus, was liberated from fibre which had 
extracted with dilute acid or with et ^0 
when it was subsequently incubated at pH . 
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Enzyme activities of fibre extracts 


tissues there is evidence that lipids are bound 
u +V.Q nf Unnnrotein comnlexes 


Extracts made by soaking fibre in sodixun chloride 
or sodium citrate buffer (pH 6), followed by dialysis, 
bad ribonuclease and phosphatase activity. In- 
organic phosphorus was also split from nucleotide 
preparations made from fibre and chloroplast 
fractions. Citrate did not activate the liberation of 
organic phosphorus from yeast ribonucleic acid by 
leaf ribonuclease (Pirie, 1951), nor the enzymic 
liberation of inorganic phosphorus from sodium p- 
glycerophosphate and nucleotide preparations. 
Phosphatase and nucleotidase activity was lost by 
bringing the enzyme solution to the boil, but the 
ribonuclease is more heat stable and only about half 
the activity was destroyed by this treatment. 
Deoxyribonuclease activity was detectable, but 
with 24 hr. incubation at 37° only 5 % of the phos- 


but in plants combination with carbohydrates has 
also been suggested (Jamieson, 1938). Frey- 
Wyssling (1949) was of the opinion that lipoproteins 
were present in intact chloroplasts, but on isolation 
and preparation the lipids dissociated from the 
protein. It is clear, however, that it is a stable 
linkage between the phospholipid and protein or 
other substance to which it is attached. 

Hanahan & Chaikoff (1948) found that an enzyme 
preparation from cabbage leaves acting on soy bean 
lecithin caused a loss of only 6% of the ether- 
soluble phosphorus, when 35 % of the nitrogen was 
removed. They suggested that the activity of this 
enzyme might explain why Chibnall & Ohannon 
(1927) isolated a phosphatidic acid from fresh 
cabbage leaves. In tobacco leaves, and in others 


phorus from thymus deoxyribonucleic acid was including cabbage, phospholipin-splitting enzymes 
released compared with 75 % from yeast ribonucleic capable of attacking other linkages are also present, 
acid. The action of a fibre extract on either lecithin The loss of ethanol-ether soluble P from fibre and 


or a phospholipid preparation from leaves has not chloroplast fractions was much greater than the loss 
been tested. The properties of the phospholipid- of nitrogen on incubation. The different results 
splitting enzyme are being investigated further. obtained by Hanahan & Chaikoff might be due to the 

different substrate used or to a difference in the 


Composition of incubation extracts 

Table 1 1 gives the composition of a typical incu- 
bation extract of fibre. Part of the nitrogen and 
carbohydrate is present ns nucleosides and the 
remainder as breakdown products of starch and 

Table 11. Composition of an incubation extract 
of fibre 

(Og. fibre (1-80 g. drj' matter, 68 mg. N, 5-4 mg. P) 
incubated at 37° in 30 ml. water for 18 hr.) 

Total in extract 
(mg-) 


Dry matter 

234 

Total P 

3-33 

Inorganic P 

204 

Nitrogen 

9-9 

Total carbohydrate 

102 

Heducing sugar 

72 


protein duo to the activity of the loaf cnzj’mes. No 
<looxyj)ontoso could bo determined with certainty 
in the extracts. The extracts absorbed strongly in 
the ultraviolet wit ha maximum at 2G0 m/i. Adenine, 
guanine, cytosine and uracil wore detected by paper- 
part it ion chromatography in the extracts after 
hydrolysis. 

DISCUSSION 

The observation that most of the phospholipid of 
leaf fibre and chloroplast fractions is not extracted 
with ethanohethor until affer treatment with acid is 
in .ngri'cment with msult.s obtained with animal and 
MMue other plant tissues (I.overn. 1942). In animal 


stability of the enzymes concerned with phospho- 
lipin breakdown. 

Sodium chloride, sodium citrate and sodium azide 
hav'e an activating effect on the liberation of phos- 
phorus from fibre and chloroplast fractions similar 
to that found with the fission of nucleoprotein 
(Pirie, 1950). Sodium azide appears to act like any 
other salt. As ribonuclease activity is not much 
affected by citrate, the effect of citrate on phos- 
phorus liberation may be due to increased accessi- 
bility of the nucleic acid. The apparent activation by 
citrate of nucleotidase action in fibre, whieh is not 
observed with nucleotide preparations, is probably 
duo to more substrate being available. 

Wlien fibre which had been boiled, or extracted 
with dilute acid or with ethanol -ether, was subse- 
quently incubated at pH 6 some phosphorus in 
organic form but no inorganic phosphorus was 
brought into solution. The release of organic phos- 
phorus was probably due to ribonuclease activity 
still present in the fibre. The ribonuclease is re- 
latively heat stable but the phosphatase Ls readily 
inactivated. Parker (1951) found that TCA pre- 
cipitates of sap had about 4 % of the ribonuclease 
activity of the original sap, whereas the phospha- 
tase was almost completely destroyed. 

Tlie deoxyribonuclease activity of dialysed sap 
and fibre extracts was so low that it is not un- 
expected that the DNAP was affected much less 
than the RNAP during incubation of fibre. The 
decrease in the DNAP fraction is probably' duo 
mainly to the RNAP present in the fraction being 
removed by ribonuclease action. 
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During expansion of the leaf there is a large 
increase in the total amount of phosphoUpin present. 
The dry matter has increased in amotmt so that 
phospholipid expressed on a dry matter basis 
remains the same or increases. The total amount of 
phosphorus in the nucleic acid fractions from fibre 
remains about the same, so that it shows a decrease 
per g. of the dry matter. If the weight of DNA per 
ceU is constant in amount as has been found for 
various animal tissues (Vendrely & Vendrely, 1948) 
and bacteria (Mitchell & Moyle, 1951), it would not 
be expected that DNA would vary dming expansion 
of the leaf as cell division is not taking place. 

The perchloric acid method of fractionating 
phosphorus compounds, although not giving a 
perfect separation of ribo- and deoxyribo-nucleic 
acids in leaf tissue, is useful in giving an RNA 
fraction substantially free from DNA, though the 
DNA fraction contains RNA. The fact that some of 
the RNA is not extracted by perchloric acid at room 
temperature, but requires a higher temperature to 
bring it out, suggests that it might be bound in a 
different way from the more easily extracted 
fraction. 

Of the total P in the leaf about 30 % is in the form 
of ribonucleic acid phosphorus, two-thirds of which 
is in the fibre. Deox 3 T:ibonucleic acid phosphorus 
accoimts for about 7 % and lipid phosphorus a 
further 15% of the total phosphorus of the leaf. 


■ SUMMARY 

1. The phosphorus of tobacco-leaf fibre and 
chloroplast fractions has been fractionated into 
acid-soluble phosphorus, hpid phosphorus, ribo- 
nucleic acid phosphorus and deoxyribonucleic acid 
phosphorus. The distribution in leaves of different 
ages has been compared. 

2. Incubation of fibre and chloroplast fractions in 
water and salt solutions leads to the liberation of up 
to 80 % of the total phosphorus present, owing to 
the activity of ribonuclease and a phospholipin- 
splitting enzyme. 

3. The optimum pH for the enzymic liberation of 
phosphorus is between 5-5 and 6. 

4. Sodium chloride, sodium azide and sodiiun 
citrate activate the enzjrmic release of phosphorus. 

5. Milling the fibre does not increase the rate of 
liberation or the total amount of phosphorus 
released by enzymic action. 

6. Boiled fibre, acid-extracted fibre and ethanol- 
ether extracted fibre on incubation at pH 6 release 
phosphorus in organic form but no inorganic phos- 
phorus. When incubated in the presence of dialysed 
sap or a fibre extract, which have ribonuclease 
and phosphatase activity, inorganic phosphorus 
is released and the total phosphorus liberated is 
increased. 


REFERENCES 


Bawden, F. C. & Fine, N, W. (1944). Brit. J. exp. Path. 25, 

68 . 

Cecil, R. (1950). Eiochem. J. 47, 572. 

ChibnaU, A. C. & Channon, H. J. (1927). Biochem. J. 21, 
233. 

Cohen, S. S. (1944). J. biol. Chem. 156, 691. 

Courtois, J. & Khorsand, M. (1950). Biochim. Biophys. 
Acta, 6, 175. 

DeTurk, E. B., Holbert, J. R. & Howk, B. W. (1933). J. 

agric. Bes. 46, 121. 

Disohe, Z. (1930). Mikrochemie, 8, 4. 

Ducet, G. (1949). Thesis. Paris. 

Euler, H. von & Hahn, L. (1947). Ark. Kemi Min. Geol. 

25 B, no. 1. 

Euler, H. von. & Hahn, L. (1948). Ark. Kemi Min. Geol. 

26 A, no. 11. 

Frey-TVyssling, A. (1949). Discuss. Faraday Soc. 6, 130. 
Hanahan, D. J. & Chaikoff, I. L. (1948). J. biol Chem. 172, 
191. 

Hanes, C. S. (1929). Biochem. J. 23, 99. 

Heard, C. R. C. (1945). New Phytol. 44, 184. 

Jamieson, G. S. (1938). Ann. Bev. Biochem. 7, 89. 

Knowles, F. & Watkin, J. E. • (1932). J. agric. Sci. 
22, 755. 


Kuttner, T. & Lichtenstein, L. (1932). J. biol. Chem. 95, 
661. 

Lovem, J. A. (1942). Spec. Bep. Food Invest. Bd, Lend., 
no. 52. 

MacFadyen, D. A. (1934). J. biol Chem. 107, 299. 

Mitchell, P. & Moyle, J. (1951). J. gen. Microbiol 5, 421. 

Morton, A. G. & Watson, D. J. (1948). Ann. Bot., Bond. 
(New series), 12, 281. 

Ogur, M. & Rosen, G. (1950). Arch. Biochem. 25, 262. 

Parker, G. (1951). (Personal communication.) 

Pirie, N. W. (1936). Brit. J. exp. Path. 17, 269. 

Pirie, N. W. (1950). Biochem. J. 47, 614. 

Pirie, N. W. (1951). (Personal communication.) 

Schlamowitz, M. & Gamer, R. L. (1946). J . biol. Chem. 163, 
487. 

Schmidt, G. & Thannhauser, S. J. (1945). J . biol. Chem. 161, 
83. 

Schneider, W. C. (1945). J. biol Chem. 161, 293. 

Stumpf, P. K. (1947). J. biol. Chem. 169, 367. 

Tracey, M. V. (1948). Biochem. J. 43, 185. 

Vendrely, R. & Vendrely, C. (1948). Experientia, Basel, 4,434. 

Weeks, L. F. & Friminger, H. I. (1942). Industr. Engng 
Chem. (Anal, ed.), 14, 760. _ 

Williams, R. F. (1945). Amt. J. exp. Biol. med. Sci. 23, 213. 



Vol. 51 


443 


Reactions of Haematins with Peroxides 
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It is well knowTi that hydrogen peroxide reacts with 
haemoproteins such as methaemoglobin, catalase 
and peroxidase, giving a series of compounds which 
can be distinguished by their absorption spectra. 
In recent years much work has been done on the 
mechanism of these reactions, and it was foimd that 
catalase and peroxidase are each capable of forming 
at least three distinct complexes with hydrogen 
peroxide. The properties of these complexes and the 
literature on the subject of their formation has 
recently been reviewed by Theorell (1947), Lemberg 
& Leggo (1949), and Keilin & Hartree (1951). Since 
in all these complexes it is the haematin prosthetic 
group which reacts directly with the peroxide, it 
was of interest to find whether free haematins can 
combine with peroxide. So far the only attempt to 
study this problem was made by Haurowitz 
(1937 a, 6), whose observations on the reaction 
between protohaematin and hydrogen peroxide in 
pyridine will be discussed later in the light of the 
findings reported hero. 

In this paper it is proposed to examine the condi- 
tions under which free haematins react with hydro- 
gen peroxide and ethyl hydroperoxide and the 
nature of the products of these reactions, the 
experiments being carried out both with urohaemin 
and protohaemin. Urohaemin V'as selected for this 
purpose because, being much more soluble than 
protohaemin on account of its eight carboxyl side 
chains, it had been found to react with many sub- 
stances such ns sodium hydroxide and amino-acids 
with much greater ease than protohaemin (Keilin, J., 
1949, 1950). 

EXPERIMENTAL 

Profo/incmia. Tliis wns prepared from ox or liorse blood by 
the metbod of Scbnlfcjcw (18S5). 

Vrohaematin. Uroporpliyrin I was isolated from the 
urine of n case of congenital porphyria. The uroporphyrin 
vna estorifiod, and urohaemin was prepared from the 
octnmethyl ester according to the method of Fischer & Orth 
(1934). Ci-1 X 10 *‘m solution of urohacmatin in 0-0'2x- 
NaOH vas obtained by dissobring the urohaemin in 5 ml. 
O'lx-KaOH, and the volume was made up to 25 ml. with 
distilled water. 

l/i/Jrojrn peroxide. The molarity of HjO. in a solution 
containing 1 ml. perhydrol in 2.">o'ml. distilled water was 
determined by titration with standard KMnO, in the u=ual 
way. 1 urther dilutions of the n,Oj solution were made as 

• Itoit Memorial I'esearch Fellow. 


required daily. A fresh stock solution was prepared and 
standardized every few days. 

Ethyl hydroperoxide. This was prepared and standardized 
according to the method of Baeyer & Villiger (1901). 

Spectroscopic methods. The direct observations of the 
reactions were carried out with a microspectroscope. The 
absorption spectra in the visible and violet regions were 
determined with either the Beckman photoelectric spectro- 
photometer or the Hilger Uvispek photometer; the latter 
instrument was used for measuring the high absorption 
densities in the region of the Soret band. The molecular 
absorption coefficient e is defined as follows: e—EJcl, where 
c=molarity of the haematin solution, 1 = optical depth in 
cm., and E (extinction) =log where Ig and I are the 
intensities of the incident and transmitted light re- 
spectively. 

RESULTS 

The absorption spectrum of the 
urohaematm-H^Oi complex 

When 0-5 ml. of a 6-1 x lO-^M solution of -uro- 
haematin in 0-2N-NaOH is treated wnth an equal 
volume of 0-27m-H2Oj in the presence of 2 ml. 
N-NaOH, the colour of the solution at once changes 
from reddish brown to salmon-pink. At the same 
time, on direct spectroscopic examination, it is seen 
that the absorption band of urohaematin at 594 mp. 
is replaced by two well defined bands in the green 
region of the spectrum, of which the )3-band is a 
little stronger than the a-band. This absorption 
spectrum is, however, of very short duration, and 
within 45-60 sec. the urohaematin band at 594m/n. 
begins to reappear as a shading in the yellow region 
of the spectrum. This band gradually becomes 
stronger, and the two bands in the green region 
diminish in intensity as the complex reverts to free 
xirohaematin. These changes, although they begin 
to take place verj- soon after the complex is formed, 
slow down after about 1-5-2 min. and thereafter 
progress more slowly so that the peroxide complex 
takes several hours to revert completely- to free 
urohaematin (Pig. 1). At the same time some 
molecular ox-ygen is liberated from the H.O,, and 
there is also some peroxidatic destruction of the 
urohaematin itself. 

In view of the rapid onset of changes in the ab- 
sorption spectrum of the complex, a modified 
technique hud to bo adopted for recording the 
spectrophotometric curve and the urohaematin- 
peroxide complex was fre.shly made for each point 
of the curve. The following procedure was found to 
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be the most convenient: 0-5 ml. of a 6'1 x 10 “^m 
solution of urohaematin was placed in a 1 cm. cell 
and diluted with 2 ml. N-NaOH (final concentration 
of NaOH = 0-7N). After adjusting the instrument 
at the selected wavelength with the control cell 
in position, 0-5 ml. of a 0-27 m solution of HjO. 
(450 mol. HsOj/mol. urohaematin) was added at 
zero time by means of an all-glass syringe fitted with 
a stainless steel needle and the contents of the cell 
were stirred with a glass rod. Three to fom readings 
of the extinction were taken within the first 2 min. ; 
readings were then taken at 1 min. intervals for the 
next 5 or 10 min., so long as O 2 bubbles in the solu- 



Fig. 1. Reaction of urohaematin with HjOn in 0-7 x-NaOH. 
Typical changes in extinction with time at three wave- 
lengths (515, 545 and 480 m^.) showing the gradual 
reversion of the absorption spectrum of the compound to 
that of free haematin, indicated by the separate points on 
the right of the figure. The values of e x lO”* used for 
Fig. 2 were obtained by extrapolating back to zero time, 
(e as defined in text.) 

tion did not obscure the optical surfaces of the cell or 
could be dislodged from them by tapping the cell 
between readings. The changes of extinction were 
plotted against time and the spectrophotometric 
curves were constructed from the extinction ob- 
tained by extrapolating back to zero time, assuming 
the reaction to take place instantaneously on the 
addition of the hydrogen peroxide to the uro- 
haematin. To determine the absorption spectrum of 
the Soret band, 0-26 ml. HjOa (760 mol. HjOa/mol. 
mohaematin) was added to OTSml. urohaematin 
diluted wdth 2-6 ml. of the appropriate alkali. The 
rest of the operation was carried out as described for 
the visible region of the spectrum. 

The spectrophotometric curves of the uro- 
haematin-peroxide compound obtained in this way 
show that the positions of the two bands in the 
visible region of the spectrum are a — 547-6 m/i. and 
p — 521 mp., while the values of e x 10“^ are 0-87 and 



Fig. 2. Absorption bands in the visible region of the 
spectrum of urohaematin and urohaematin-peroxide in 
0-7N-N'aOH. (Urohaematin = 1-02 x 10“'‘M5 H802=4'5 x 
1=1 cm.) 



Fig. 3. Absorption spectra showing the Soret bands 0 
urohaematin and urohaematin-peroxide in O-lx-NaOH- 
(Urohaematin =3-05 X 10~^M; H302=2-25xl0 -m; — 

1 cm.) 

0-95 respectively. In the violet region of the 
spectrum the Soret band of the urohaematin a 
395 mp. is replaced by the single symmetrical 
ofthe peroxide compound at 413 mp. (e X 10”*= ‘‘ I 
(Figs. 2 and 3). 
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Stoichciometric relationships 

In order to determine the number of molecules of 
H 5 O 2 combined with each molecule of urohaematin, 
the urohaematin was treated with various con- 
centrations of HjOj in the presence of O-TN-NaOH 
under standard conditions and the percentage 
formation of the urohaematin-peroxide compound 
formed in each case was determined as follows. To 
0-5 ml. of a 6-1 X 10 "' m solution of urohaematin in 
0 - 02 ji-]!saOH in a 1 cm. optical cell, were added 


By plotting log [a;/( 100 — a:)] against log[H 202 ] a 
straight line can be obtained which has a slope of n. 
When X = 50, 

log [*/( 100 — *)] = 0 and log K = n log [HjO,] . 

Thus the value of log HoO, when 

log [a :/{100 — a:)] = 0, equals \jn\ogK. 

Since n can be calculated from the slope of the line, 
log K can be obtained. The position of the line and 
the values of and K were obtained by applying the 


Table 1. The relation between the concentration of H.O 2 and percentage formation of urohaematin-peroxide 

as determined experimentally 


Molecular ratio 

Formation 
of complex 

Free 

urohaematin 


Total II 2 OJ 

Pree HnOa 

conen. 

HjOj to 
urohaematin 

(%) 

(*=) 

(7o) 

(100 -x) 

/ X \ 

( 100 -x) 

conen. 

(M) 

^ La-.. 

(M) 

(log M) 

2 

22-8 

77-2 

-0-5287 

2-046 X lO-* 

1-811 X 10-* 

-3-7423 

5 

38-0 

62-0 

-0-2125 

5-115 X 10-^ 

4-707 X 10-^ 

-3-3273 

10 

65-8 

44-2 

+ 01011 

1-023x10-’ 

9-66 xlO-' 

-3-0150 

15 

77-1 

22-9 

+0-5250 

1-534x10-’ 

1-455 X 10"’ 

-2-8371 


2 ml. M-NaOH and the calculated amount of dis- 
tilled water required to bring the total volume of the 
solution to 3 ml. after the addition of the H^O,. A 
dilute solution of HjO, was introduced into the cell 
at zero time by means of a syringe so as to provide 
concentrations of HjOj in the solution ranging from 
2-05 X 10~' to 4-65 x i.o. from 2 to 465 mol. 

H 20 j/mol. urohaematin. The e.xtinction at 594 m/z. 
was then measured at intervals during the first 
2 min. and the value at zero time was obtained bj' 
extrapolation as described in the previous section. 
From these values the percentage formation {x) of 
the peroxide compound at each concentration of 
HjOj was calculated by means of the formula 
.r= 100 (a — c)/(a — 5), where a = extinction of free 
urohaematin, 5 = cxtinction of the fvilly formed 
urolmematin-peroxido (405 mol. H.Oj/mol. uro- 
hnematin), and c = extinction of the solution under 
investigation, all the extinctions bomg measured at 
the same wavelength (594 m;/.). 

If the reaction is reprc.sentod by the follom'ng 
equation; 

Urohaematin + 7111.0, ^ Urohaematin (H.O.)„ , 
then by the law of mass action 

fUrohnematin] [H.O.]" 

[Urohaematin (H.O.)„]' 

lienee if r represents the percentage of the total 
urohaematin which is combined with H.O., then 

1 _ X 

whence 

log [x;'( 1 00 - X}] = 71 log [H.0.1 - Jog A'. 


method of least squares to the experimental results 
after a correction had been made for HjO, combined 
with urohaematin (Table 1, Fig. 4). It was found 



Log molarity free HA 


•fc. ... ueiween log molarity H.Oj and 

Jog W(100 -X)], where x=percentage formation of uro- 
haematin-peroxide, and (100 -x) =percentage of free 
uroliaematm. The c.vpcriraental results are indicated bv 
dots. The position of the line was obtained by applvinc 
Uie method of least squares to the experimental results 
Coriection lias been made for the H.O. combined with the 
urohaematin (Table 1). 


that 1 molecule of ixiroxide is combined per mole- 
cule of urohaematin (71 = 1-085) and the dissociation 
constant A = 3-34 x 10 '<m at 20h 
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Conditions required for the formation of the 
urohaematin-^f^ 2 . complex 

If urohaematin in 0'2N-NaOH is treated with 
HjOj in the presence of O-lN-NaOH instead of 
N-NaOH as described above, the complex formation 
never proceeds to completion and a shadow due to 
the persistence of the free urohaematin band is 
always seen in the yellow region of the spectrum. 
A spectrophotometric curve constructed imder 
these conditions (total concentration of NaOH = 
0-07 n) showed that both bands were' nearer the 
blue end of the speetriun and their relative inten- 
sities were reversed (a — 544'5 m/^i., eX 10“^ = 0-9; 
§■ — 516 m/x., ex 10“^ = 0-845). The lu-ohaematin 
band persisted as a shoulder about 594 rap. and 
from the extinction readings at this wavelength it 
was calculated that only 83 % of the m-ohaematin 
had reacted with HoOj. On the addition of more 
HjOj to such a solution in an attempt to produce 
100 % formation of the complex, the colom- of the 
solution turned to greenish brown and the absorp- 
tion bands disappeared, indicating that the m-o- 
haematm was destroyed. 

Similar results are observed using the micro- 
spectroscope when the total concentration of NaOH 
is 0-016 n or when 0-1 or 0-28M-Na2CO3 is used 
as diluting fluid instead of NaOH. If, however, 
under these conditions a few drops of N-NaOH 
are added the complex formation proceeds to com- 
pletion. 

Urohaematin dissolved in 0- 1 M-phosphate buffer, 
pH 7-3, fails to react with HoOj and is, instead, 
rapidly destroyed. The same results are obtained 
when the solution is made more alkaline by the 
addition of disodimn phosphate or NajCOg (0-1, 
0-28 or 1-4m), but the addition of NaOH to 
urohaematin in phosphate buffer allows the 
peroxide compoimd to be formed as already de- 
scribed. 

“l^Tien urohaematin is dissolved in 10% (v/v) 
ammonia, the crimson solution of ammonia uro- 
parahaematin shows a very broad and diffuse 
absorption band in the green region of the speetriun 
extending from 580 to 510 rap. with a sharper 
component centred at 540 rap. On the addition of 
HoOj (50 mol. HjOj/mol. mohaematin) the colour of 
the solution changes to a scarlet red and the two 
bands of the peroxide compound appear, only to 
give waj"^ in a few minutes to the absorption band of 
the parahaematin. If sodium dithionite (Na2S204) 
is added to the urohaematin-peroxide compound in 
ammonia, the intense absorption bands of the 
ammonia haemochromogen unmediately appear, 
whereas reduction of urohaematin-peroxide in 
NaOH gives rise to dihydroxyl-haem (Keilin, J., 
1949). 


Reactions of pyridine uroparahaematin with HjO, 

Urohaemin is not readily soluble in pyridine, and 
the pyridine parahaematin is only obtained in 
aqueous solution at approximately neutral or 
slightly acid pH. The red solution then shows the 
characteristic two-banded spectrum of a para- 
haematin in which the ^-band is stronger and 
broader than the a-band (a — 555 rap., exlO~^ = 
0-69; p — 525m^., eX 10~^ = 0-92). On the addition 
of H2O2 to the parahaematin at about pH 7 the red 



Wavelength (mg.) 

Tig. 6. Absorption bands in the visible region of the 
spectrum of pyridine luoparahaematin and the green 
compound given by it on the addition of H 2 O 2 . (Uro- 
parahaematin =:l-046 x 10 ~‘m; H20a=4-5 X 10~®m; 1 = 
I cm.) 


solution quickly turns brown and appears green 
when viewed in a thin layer. Direct spectroscopic 
observation shows that this colour change is accom- 
panied by the disappearance of the parahaematin 
absorption bands. After a slight lag of about 15 sec. 
during which no absorption bands are visible, two 
bands appear and gradually grow in intensity. The 
a-band at 582 mg. becomes very strong while the 
^-band at 547 rap. remains weak (Fig- 5). This 
absorption spectrum is stable and, so long as excess 
H2O2 is not present to bleach the solution, it niay 
remain for at least 24 hr. At pH 4 these absorption 
bands appear more intense, while the addition of 
NaOH causes them to become weaker and finally to 
disappear. The addition of Na2S204 to the fullj' 
formed green compound at either acid or alkaline 
pH does not result in the formation of any pyridine 
haemochromogen, and there is no spectroscopic 
evidence that the compound combines with CO 
(either before or after the addition of Na2S204) or is 
affected by potassium ferricyanide. 

The spectrophotometric curve of the 8^®® 
peroxide-treated parahaematin ( ‘ green coropoun ) 
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■was detcnnined as follows: to 0*5 ml. of 1-045 x 10“* 
M-urohaematin in 0-02 N-NaOH "were added 0- <5 ml. 
of 0-02M-acetic acid, 0-5 ml. pyridine and 0-5 ml. of 
0-027 ji-HjOj and the volume of the solution (con- 
taining 50 mol. HjOj/mol. haematin) -was brought 
up to 3 ml. -with distilled water; for pyridine uro- 
parahaematin the was replaced by distilled 

water. The spectrophotometric curves were deter- 
mined in the usual way in the visible region, but in 
the case of the green compounds it -was found that, 


be fully discussed later, it was decided to re-examine 
the effect of HjOj on protohaematin in pyridine 
under various conditions. 

Protohaemin dissolves readily in pyridine giving 
a red parahaematin with the usual two -banded 
absorption spectrum (a — 560 m/x., p — 530 m/x.). 
On the addition of HjOj (perhydrol diluted as 
required with pyridine), the solution beeomes 
greenish brown and a diffuse absorption band 
appears at about 605 m/j.. while the a-band of the 



Wavelength (mft.) 

Fig. 0. xtbsorption spectra showing the Sorct bands of 
pyridine uropnrnhncmntin nnd the green compound given 
by it on tlio addition of H.O,. (Uroparahaemntin = 
I-OlGx I0*‘M; njO, = 2-97>clb-’M:l = l cm.) 

at the inucli greater dilution required for measuring 
the Soret bnnd, this band was very- evanescent. 
A fresh solution therefore had to be prepared for 
incnsuring ench point of the curve wlien determining 
the height of the Soret bnnd nnd the peroxide was 
adtletl Inst to the eell hy means of a syringe ns 
tleserihetl enrlior in this paper. Even with these 
proemitions it was not po.ssiblo to obtain relinble 
exjinetion nmclings. x\a seen in Fig. 0. the nsym- 
ini'tric Soret bnnd of the ‘green compound’ hns n 
junin po.nk nt 410 in;,, (c x 10~‘ = 8-0 npprox.) nnd a 
shoulder at 4 3.'> in p . which may be duo to some iuter- 
iiiediato compound. 

Hair.'itvis 0 / pro.'oiiOfmtn and H.O. in pi/n'/fhir 

In view of the difien'iices between the react ions of 
nmhnenmtin with H.O. described nbove nnd the 
n'suhs obtained by Hnnrowit?. 0037 o, b) which will 



Wavelength (mg.) 

Fig. 7. Absorption bands in the visible region of the 
spectrum of pyridine protoparahaematin and the green 
compound obtained on treating it with HjOj. (Proto- 
paTahaeniatm = l-32xlO"<M; H202=l-86 x 1 = 

1 cm.) 


tiiiu. tiiu 


JyuFuilQOIXlHblll OGCOIRGS StrOn^Gr uiiu. iiixu 

5.30 mg. becomes weaker. The band in the red then 
tends to become stronger and broader and to move 
towards the blue end of the spectrum so that its 
centre lies at about 583 m/x. The general appearance 
is therefore of a two-banded spectrum with a broad, 
strong band at 583 mg. and a weaker band at 
560 m;x., but the exact positions of these bands 
depend on both the pH of the solution and the 
amount of HjO. added. Thus at pH 6-5 the solution 
is green with red dichroism ; the a-band is markedly 
asymmetric nnd appears to extend from 570 to 
COO mg. on direct spectroscopic examination, 
though the spectrophotometric cun-e shows that 
the peak Jies nt 574 mg. (Fig. 7). A weak ^-band 
lies nt 535 m/z., while in the violet region the Soret 
bnnd of the parahaematin at 403-5 m'/x. is replaced 
by the band of the ‘green compound’ at 4^6 miz 
On mduction with Xa.S.O, a hnemochromogen 
(a oaS m;,., ^ — 530 mg.) is formed bv that part of 
the protohnem wliich has not been itrevereiblv 
nltcre^ by the peroxide. With greater concentratioas 
of H,0. the bands nt 5S3 and 500 m,z. appear more 
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directly and soon disappear due to the destruction 
of the protohaematin. Under such conditions, 
therefore, no haemochromogen is obtained on the 
addition of NaaSoO^ . 

Reactions between ethyl hydroperoxide and haematins 

Ethyl hydroperoxide (EtOOH) reacts with 
haemoproteins giving, in most cases, complexes 
which are analogous to those obtained with HjOj, 
so it was of interest to examine the effect of EtOOH 
on uro- and proto -haematin. 

With urohaematin in NaOH, EtOOH gave an 
tmstable red compormd with two absorption bands 
in the visible region of the spectrum in the same 
positions as those of the urohaematin- 0 OH com- 
poimd. This spectrum could already be observed in 
solutions containing 0'02N-NaOH, but the concen- 
tration of NaOH in the solution had to be raised to 
1-5 N before the compound was completely formed, 
as shown by the disappearance of the band of free 
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strong, wide /3-band at 546 rap. The reduction of 
urohaematin-OOEt to dihydroxyl-urohaem can, of 
course, be brought about at once by the addition of 
Na 2 S 204 to the compormd. 

With pyridine uroparahaematin, EtOOH re- 
acted somewhat differently from H 2 O 2 . The scarlet 
colour of the parahaematin gave way to a greenish 
brown; at the same time the absorption bands of the 
parahaematin became diffuse, disappeared and 
were replaced by two bands, a strong a-band at 
575 m/x. and a weak /S-band at 537 rap. After 
standing a few minutes (or immediately on the 
addition of Na 2 S 204 ) these bands were replaced by a 
wide asymmetric a-band lying at 560 m/x. and a 
weak j8-band at 527 rap. belonging to a reduced 
compound. This absorption spectrum remained un- 
changed in the presence of CO thus indicating that 
it was not a true haemochromogen, and it reverted 
to the oxidized form on the addition of potassium 
ferricyanide (Table 2). 


Table 2. Positions and extinction coefficients of the a-, /3- and y-bands of the compounds of urohaematin 
and protohaematin vrith H 2 O 2 and ethyl hydroperoxide 

a-Band /8-Band y-Band 


f 

Wavelength 


Wavelength 

\ 

f 

Wavelength 

\ 

ex 10"* 

Compound 

(m/x.) 

e X 10-* 

(m/x.) 

e X lO-* 

(m/x.) 

Urohaematin in. 0-7 x-NaOH 

694 

0-65 

483 

0-82 

395 

8-0 

Urohaematin in 0-7 N-NaOH-l-HjOj 

647-5 

0-87 

521 

0-95 

413 

7-9 

Urohaematin in 1-5 x-NaOH-f EtOOH 

647-5* 

— 

621* 

— 

— 

— 

Keduction compound of urohaematin 
in l-Sx-NaOH-f EtOOH 

578* 

— 

. 546* 

— 

— 


Dihydroxyl urohaemf 

578 

0-76 

646 

1-4 

435 

11 

Pyridine uroparahaematin 

655 

0-69 

525 

0-92 

402 

11-05 

Pyridine uroparahaematin + H 2 O 2 

582 

1-27 

547 

0-87 

410 

8-0 

P 5 Tidine uroparahaematin -f EtOOH 

675* 

— 

537* 

— 

— 

— 

Keduction compound of pyridine 

560* 

— 

527* 

— 

— 

— 

uroparahaematin + EtOOH 

Pyridine urohaemochromogen (pH 7) 

650* 

— 

520* 

— 

— 

— 

Pyridine protoparahaematin 

(560 

0-84 

630 

0-99 

403-5 

6-55 

Pyridine protoparahaematin-t-HoOj 
(pH 8 approx.) 

( 605)*, 

1 683* 

— 

660 

— 



Pyridine protoparahaematin -1- H„0- 

674 

1-48 

535 

0-91 

426 

5*0 

(pH 6*5) 

Pyridine protoparahaematin + EtOOH j 

(pH 7-8) t 

(605)* 

562* 

— 

530* 

— 

— 


Pyridine protohaemoohromogen 

658* 

— 

530* 

— 

— 

— 


* Positions of bands determined -with microspectroscope. f KeUin, J., 1949. 


urohaematin at 594 m/x. Increasing the amount of 
EtOOH at lower concentrations of NaOH merely 
led to the destruction of the urohaematin. 

IWien the red urohaematin-OOEt compormd was 
formed under optimal conditions and allowed to 
stand, the following changes took place within about 
3 min. The absorption bands of the compound 
faded, the solution becoming orange-pink in colour, 
and they were then gradually replaced by the 
characteristic absorption spectrum of the red 
ferrous compoimd, dUiydroxyl-irrohaem, which 
consists of a narrow, weak a-band at 578 m/x. and a 


Since ethyl hydroperoxide decomposes spon- 
taneously to give acetaldehyde and water, it was 
necessary to examine the action of acetaldehyde on 
various urohaematin compounds before attributing 
to EtOOH the spontaneous reductions of uro- 
haematin-OOEt and the green compound given by 
the parahaematin. Acetaldehyde was therefore 
added to alkaline urohaematin and to pyridine 
uroparahaematin but no changes were observed m 
the absorption spectra of these compotmds. 

In the case of protohaematin no reaction was 0 
served between EtO OH and aUcaline protohaematin, 
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although various concentrations of NaOH and both 
aqueous and ethanolic solutions of protohaematin 
were examined. Ethanolic solutions were investi- 
gated, since it appeared likely that a haematin 
requires for its reaction with peroxide the same 
conditions as are necessary for it to give a dihydroxyl 
haem in its reduced state (protohaematin can only 
react with NaOH to give its dihydroxyl compotmd 
in the presence of a solvent such as ethanol). This 
point will be discussed more fully later. 

Ethyl hydroperoxide did, however, react with 
pyridine protoparahaematin. At pH 7'8 the para- 
haematin solution became greenish brown on the 
addition of EtOOH and an absorption band was 
seen for about 30 sec. at 605 m/i. Meanwhile, the 
band at 560 m/j,. became stronger and the para- 
haematin spectrum was spontaneously replaced by 
that of a fairly stable green compound ■with a- and 
)S-bands at 662 and 530 m/i. respectively, the change 
being complete within a few minutes. This com- 
pound, which failed to react with CO and was not 
affected by NaoSjO^, is probably analogous to the 
reduction compound given by pyridine mopara- 
haematin and EtOOH. If less EtOOH were used. 


hydroxyl ion, and reduction of the urohnomatin 
peroxide compomid with NajSjO^ gives dihydroxyl- 
mohaem, it is suggested that a dihydroxyl-uro- 
haematin may bo an intermediate in the reaction 
between urohaeraatin and HoOj, ono molecule of 
TT. n. replacing a hydroxyl group on tho urohaeraatin 
iron. As ethyl hydroperoxide gives a compound 
with alkaline urohaeraatin analogous to that given 
by HjO, and under tho same conditions, ono may 
assume that the mechanism of formation of the 
peroxide compound is the same in each case. It was 
found, however, that uroliaematin-OOEt is spon- 
taneously reduced to dihydroxyl-urohaem in a few’ 
minutes. Since acetaldehyde, the decomposition 
product of ethyl hydroperoxide, cannot cause this 
reduction one must conclude that it is probably due 
to the reducing action of ethyl hydroperoxide itself. 
As there is no ferrous form of urohaematin -peroxide 
a change in the valency of the mohaematin iron 
must result in the formation of dihydroxyl-uro- 
haem. In the following scheme, which summarizes 
these reactions, the lines joining the urohaematin 
iron to the reacting groups do not indicate the 
nature of the valency bonds and the four valencies 


the reaction was complicated by the final ap- 
pearance of a haemochromogen (a — 558 m/x., 
^ — 530 mg.) given by some of the haematin which 
had not been altered by EtOOH. This haemo- 
chromogen reacted normally with CO. 

DISCUSSION ' 

Urohaematin, although very freely soluble in all 
dilute alkalis and alkaline buffer solutions, was 
found to react with HjOj and with ethyl hydro- 
peroxide to form reversible compounds only when 
excess hydroxyl ion was present as in sodium 
hydroxide solutions. A well defined, though un- 
stable, compound was then formed with two ab- 


directed towards the pyrrol nitrogen atoms are 
omitted. 


,OH' ,OH' n 

< 

^H,0 ^OH' 


Haematin 


'OH' Vb / '^OH' 

Dihydroxyl- Haematin— OOH 

haematin Y 


X 

■e.d* 'r 


.OH' / 

Fgj,/ Haematin— OOEt 


sorption bands in the visible region of the spectrum 
(a — 547-5 mg., ^ — 521 mg.). This absorption spec- 
trum was of relatively short duration, and in the 
case of the HjO™ compound it reverted to that of 
free urohaematin. Titration of ruohaematin with 
HjOo showed that one molecule of HjOj is combined 
per molecule of urohaeraatin. 

It is now generally accepted that in alkaline 
haematins the iron atom is co-ordinated in positions 
6 and 6 with one hydroxyl group and one molecule of 
water (Davies, 1940; Shack & Clark, 1947), whereas 
in haems (ferroporphyruis) these places are occupied 
by 2 molecules of water. It was recently showm 
(Keilin, 1949) that under certain conditions in the 
presence of NaOH, haems react with the hydroxyl 
ion giving diliydroxyl-haems in which two hydroyxl 
groups are co-ordinated per atom of haem iron. 

Since, for the formation of theperoxide compound, 
urohaematin also requires the presenee of excess 
Biochem. 1952, 51 


Dihydroxyl-haem 


So far a protohaematin-peroxide compound 
analogous to that given by urohaematin has not 
been obtained, but this does not preclude its ex- 
istence and it is possible that the conditions for its 
formation may yet be found. 


tions on the reactions between protohaematin and 
HjOj in pyridine, described a transient two-handed 
absorption spectrum (a— 582 mg. and 13—673 mg. 
approx.) which was replaced by a single asym- 
metrical band in the visible region at 575 mg. On 
the basis of these absorption bands Haurowitz 
postulated the existence of two protohaematin 
peroxide compounds in which a molecule of H„0 
replaced in turn each of the 2 molecules of pyridine 
of the parahaematm, thus giving a ‘primary’ and 
secondary compound respectively. 


29 
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It was mentioned earlier that in alkaline solution 
the addition of HgOg to pyridine-protoparahaematin 
caused an absorption band to appear at about 
583 m/x. whDe the parahaematin a-band at 560- 
565 m/i. was reinforced and, together with the new 
band, presented the appearance of a two-banded 
spectrum. It is probably this absorption spectrum 
which was observed by Haurowitz but ascribed by 
him to the ‘primary compound’. The band at 
575 m/x., which he attributed to the ‘secondary 
compormd ’, corresponds to that given best by proto- 
parahaematin with HgOa in neutral or slightly acid 
conditions (Fig. 7); the fact that this band is 
asymmetrical and is shifted nearer to the blue end of 
the spectrum than that of the green compoimd 
given by uroparahaematin with HjO, may indicate 
that it is due to a reduction compoimd similar to 
that given by ethyl hydroperoxide with both uro- 
and proto -parahaematins. 

The actions of H2O2 on the pyridine-parahaem- 
atins of uro- and proto -haemins resulting in the for- 
mation of the green compounds are completely 
different from their actions on urohaematin in 
NaOH. The non -reversibility of formation of the 
green compounds, together with the fact that when 
fully formed they fail to give typical p5widine haemo- 
chromogens on the addition of Na2S204, suggests 
that the haematin has been irreversibly modified in 
some way, although the presence of a Soret band 
indicates that the ring has not actually been 
opened. These green compounds therefore cannot be 
considered as haematin-peroxide compounds in 
which the peroxide is co-ordinated with the hae- 
matin iron, as was suggested by Haurowitz, but 
more probably belong to the oxyporphyrin class of 
pigments. 

The reducing action of a peroxide was first 
described by Kuhn & Wassermann (1933), who 
showed that ferric salts can be reduced by HjOj to 
ferrous salts which are detected by their ability to 
combine with 2:2'-dipyridyl to give the well known 
red complex. In the comse of their work on azide 
catalase, Keilin & Hartree (1945) showed thatHjOj 
can reduce azide catalase to a well defined ferrous 
compoimd, and recently they have shown that the 
methaemoglobin-peroxide complex may, by further 
treatment with HjO,, be reduced to haemoglobin 
which combines with O2 liberated during the re- 
action to form oxyhaemoglobin (Keilin & Hartree, 
1951). However, on treating methaemoglobin with 
very small concentrations of HjOj below pH 5, the 
absorption bands of methaemoglobin disappeared 
and were replaced by a wide band at 590 m/x. 
belonging to a new compound showing red-green 
dichroism, which could be reduced by Na2S204 to 
haemoglobin. From a consideration of its spectro- 
scopic properties, Keilin & Hartree concluded that 
it was an oxidation product of haemoglobin in which 
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the haematin ring, though still intact, was modified, 
probably at one of the methine bridges. This 
compound bears a strong resemblance to that ob- 
tained by treating pyridine protohaematin with 
HjOj. Thus H2O2 can be both a reducing agent and 
an oxidizing agent in the same system, acting on 
different parts of the molecule according to the 
conditions of the experiment. 

So far most work has been done on the complex 
reactions between the haemoproteins catalase, 
peroxidase and methaemoglobin with HjOj, but 
free protohaematin, the prosthetic group of these 
haemoproteins, was not known to react with HjOj 
in any way except when co-ordinated with pyridine. 
It has now been shown that the compound formed in 
this reaction is merely an oxidation product of 
haematin and is not a true haematin peroxide com- 
pound such as it is necessary to visualize in the 
biological systems mentioned. Urohaematin, how- 
ever, probably by virtue of being fully dispersed in 
solution, forms a true compoimd ■ with HjOj and 
with ethyl hydroperoxide and so provides a model 
for a free haematin peroxide compound where the 
peroxide is co-ordinated with the iron while the 
porphyrin ring remains unaltered. 

SIBOIAKY 

1. Urohaematin is shown to combine with 
hydrogen peroxide and ethyl hydroperoxide in the 
presence of excess hydroxyl ion. For complete 
formation of the complex the total concentration of 
sodium hydroxide required was O' 7 N in the case of 
hydrogen peroxide and 1-5 n for ethyl hydroper- 
oxide. The effect of hydrogen peroxide on mo- 
haematin in other alkalis is discussed. 

2. The urohaematin-peroxide complex has a 
characteristic absorption spectrum (a — 547'6nifi.; 
P — 521 m/x. ; y — 413 m/x.) which is of short duration. 
In the case of hydrogen peroxide the absorption 
bands of free urohaematin begin to replace it within 
a few seconds while with ethyl hydroperoxide the 
compound is reduced to dihydroxyl-haem. 

3. In the urohaematin-peroxide compound one 
molecule of hydrogen peroxide is combined per 
molecule of urohaematin. The dissociation constant 
ii:=3-34x 10-«Mat20°. 

4. It is suggested that dihydroxyl-urohaematm 

may be an essential intermediate for the subsequen 
formation of the urohaematin-peroxide compoW > 
one molecule of hji’drogen peroxide or ethyl hy ro 
peroxide replacing one hydroxyl group on o 

urohaematin iron atom. . 

5. A protohaematin -peroxide compound has no 

so far been obtained with either hydrogen peroxi 
or ethyl hydroperoxide. , 

6. The pyridine parahaematins of both um- an^ 
proto-haematin react with hydrogen peroxi e an 
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ethyl hydroperoxide to give ‘green compounds 
with two-handed absorption spectra. The exact 
positions of these bands depend on the pH and the 
amount of peroxide added. In the case of proto- 
parahaematin additional transient absorption bands 
are observed imder certain conditions. 

7. The ‘green compound’ given by pyridine uro- 
parahaematin and ethyl hydroperoxide reduces 
spontaneously and reversibly to a compound which 
differs from pyridine urohaemocliromogen in that 
the positions of its absorption bands are nearer the 
red and in that it does not combine with carbon 
monoxide. The green compormds given by pyridine 

protoparahaematin withhydrogen peroxide (pH6'5) 
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and ethyl hydroperoxide are probably of the same 

nature. , 

8. It is suggested that these ‘green compounds 
correspond to those given by pyridine protopara- 
haematin and hydrogen peroxide described by 
Haurowitz, but that they are oxidation products of 
the haematihs and not compounds of the haomatins 
with hydrogen peroxide. 

9. Urohaematin-poroxide is so far the only 
example of a free haematin-peroxide compound 
where the porphyrin ring is unaltered. 

I wish to thank Dr E. E. Hartrco for n sample of ethyl 
hydroperoxide and Dr E. C. Slater for helpful discussions. 


beactions oe haematins with peroxides 
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A New Amino -acid Amide in the Groundnut Plant (Arachis hypogaea): 
Evidence of the Occurrence of y-Methyleneglutamine 
and y-Methyleneglutamic Acid 


By j. done and L. FOWDEN* 

Human Nutrition Research Unit, Medical Research Council Laboratories , 

London, N.W. 3 

{Received 20 October 1951) 


A brief account of preliminary studies of a new 
metabolite detected in groundnut plants has 
already been given (Done & Fowden, 1951). The 
substance was isolated and found to be an un- 
saturated amino-acid amide. This earlier work is 
now described in more detail, together with sub- 
sequent investigations of the structure of the new 
compound. 

The first material examined was the ‘sap’ pro- 
duced when the turgid stems of yoimg seedlings 
were incised between the cotyledons and the first 
leaf. About 20 ;il. of liquid exuded from the cut 
surfaces. It was foimd by paper chromatography 
that the main ninhydrin-reacting component of the 
exudate gave an orange-brown spot (i?j, = 0-66 on 

Present address: Department of Botany, TJniversitv 
College, London, IV.C. 1. ^ 


chromatograms run in phenol-ammonia). The 
colour of the ninhydrin spot varied somewhat on 
different occasions, but always it was clearly outside 
the range of colours obtained with known a-amino- 
acids. 

A large number of exudates produced in the 
manner described have been examined, and the new 
substance (I) has invariably been the dominant 
ninhydrin-reacting component. When amounts of 
the order of 20 pi. were chromatographed, much 
smaller spots due to asparagine, glutamine, as- 
partic acid, glutamic acid, alanine and other 
amino-acids sometimes appeared. 

(I) has also been detected in homogenates of 
stems, leaves, hypocotyls and roots, but in these 
many other ninhydrin-reacting compounds were 
also present. The new compormd could not be 
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detected in seedlings less than 2 days after germinal 
tion, but it occurred in all samples taken after the 
differentiation of the first leaf, e.g. in the exudate 
formed after the incision of the petiole of the fif- 
teenth leaf of a main stem, and in the gynophores 
bearing immature fruits. The stem, root and h5rpo- 
cotyl of seedlings germinated arid maintained in the 
dark for 12 days all contained (I). It was not 
detected in immature or ripe seeds, or in the hydro- 
lysate of a coihmercial sample of arachin. Thus, the 
compoimd (I) appeared after germination of the 
seed and occmred in all the vegetative tissues 
examined. 

. A munber of varieties of beans, peas and lupins, 
and the sprouts of potato tubers were examined, 
but no compoimd giving the type of ninhydrin re- 
action shown by (I) was observed on the chromato- 
grains. 

Preliminary examination of the 
chemical properties of (I) 

The action of hydrochloric acid. Exudate was 
heated with 5N-hydrochloric acid at 105° for 16 lir. 
in a sealed tube ; hydrochloric acid was removed by 
evaporation. (I) could not be detected on chro- 
matograms, but an intense yellow-brown spot 
(E^ = 0'30 in phenol-ammonia) appeared. Here 
again, the colour of the spot was quite distinct from 
those obtained with known a-amino-acids. Similar 
results were obtained after treatments with 5 n. 
hydrochloric acid for 3 days at 105° and with 
N-hydrochloric acid for 3 hr. at 100°.- Spots due to 
asparagine and glutamine occurred on. chromato- 
grams of the exudate, but the intensity of each of 
these was less than one-tenth of the intensity of the 
main spot due to (I). These amides were hydrolysed 
to the corresponding acids by the hydrochloric acid 
treatments. 

When a sample of exudate containing 6-74pg. 
N/^1. was treated with N-hydrochloric acid for 3 hr. 
at 100°, ammonia nitrogen equivalent to 2-7 ixg./y}. 
was produced. The conditions of hydrolysis in this 
experiment were those used in the estimation of 
amide nitrogen (Borsook & Dubnoff, 1939), so the 
results could be explained by the hypothesis that 
amide I -> acid II -f- NH3 . This was supported by the 
chromatographic evidence. The ratio of the Rj. of 
(I) to that of (II) in phenol-ammonia was 2-2. The 
corresponding ratios for asparagine and glutamine 
are 2-5 and 2-0 respectively (Dent, 1948). 

(I) and (II) both combined with copper as shown 
by the copper acetylacetonate test (Wieland <& 
Fischer, 1948); thus the presence of a-amino 
nitrogen was indicated. 

Antolysis. \^Tlen homogenized leaf tissue was 
allowed to autolyse for 3 hr. at 37° chromatograms 
showed that (I) had been converted to (II). Both 
compoimds occurred in ethanolic extracts of fresh 
plant ‘tops’. 


Isolation of compound (I). (I) was retained when 
diluted exudates were run through a column of Zeo- 
Karb 215 (Partridge & Westall, 1949) and the com- 
pourid was isolated after elution with ammonia 
solution. It was readily soluble iri cold water and 
formed colourless plates on crystallization from 
aqueous ethanol. Eleirientary analysis gave an 
empirical formula CgHmOaNj ; Half the nitrogen was 
released as ammonia by treatment with N-sodium 
hydroxide for 24 hr. at room teraperature, and by 
treatment with N-hydrochloric acid for 3 hr. at 100°. 

Isolation of corhpound {II). De-Acidite B 
(Partridge & Brimley; 1949) retained compoimd 
(H) when an autolysate of the plant ‘tops’ was run 
through a column of the material. The new acid was 
eluted by acetic acid followed by dilute hydro- 
chloric acid, and it was isolated by recrystaUization 
of the solid left after evaporation of fractions of the 
effluent from the column. The compound was only 
slightly soluble in cold water but much more 
soluble in hot water. It was therefore convenient to 
crystallize the compound from hot water. Ele- 
mentary analysis gave an empirical formula 
CgHgOjN. All the nitrogen was amino nitrogen as 
measured by the Van Slyke nitrous acid method. 
The equivalent weight found by titration with 
sodium hydroxide was 158 (formula weight 159). 
No optical activity was detected in an aqueous 
solution of the sodium salt. 


The structure of the new compounds 


The analyses of the new compounds confirmed 
the chromatographic evidence that (H) was an 
a-amino-acid derived from (I) by deamidation. 

The presence of a double bond. Both compounds 
decolorized a solution of potassium permanganate 
at room' temperature; Treatment -with ozone gave 
a substance which could not be distingmshed from 
aspartic acid by paper chromatography. The new 
amide therefore appears to resemble asparagine and 
glutamine in that the amide group is not attached to 
the a-carbon atom. ' 

The product of the action of ozone on (H) 'vs® 
isolated and shown to be aspartic acid by eHiaustive 
methylation to fumaric acid (Braunstein, Nem- 
schinskaya & Vilenkina, 1947). 

Vfiien (II) was hydrogenated in the presence 0 
palladiuih-on-carbon catalyst, the amount of ge® 
absorbed corresponded to that required for a re 


ction CeHgOiN C6HHO4N. , ,ttt\ Fle- 

The reduced form of {II), compound (l-i-'j- _ 
aentary analysis of (III) gave the empirica 
ormula CgHu04N. The compound formed a purp 
pot with ninhydrin ’at Rp 0-42 on chromato^a 
un in phenol-ammonia. The aqueous so u 1 

bowed no optical rotation. i- n of 

Since aspartic acid was produced by the ac 10 
zone on (II), it seemed likely that the compo 
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i ^ rnoK CH(NH ^CH,C=, and since a were obtained by tlie reaction between methyl 
SSe also teen detecW, „eU,.cryl.ta and eti.yl .cat,».n.m.lonata: 

possible formulae were COjCjHj CH, 


COOH . CH(NHj) . CH, . CH=CH . COOH 

and 

COOH .CHlNHa) . CHj. . COOH. 

The corresponding satimated compounds are a- 
aminoadipic and y-methylglutamic acids respec- 
tively. . ... 

Substance (III) differed from DL-a-ammoadipic 
acid in its solubility and melting point and in ite 
position on paper chromatograms. a-Aminoadipic 
acid is converted to ornithine by hydrazoic acid 
(Adamson, 1939). However, treatment of (HI) with 
hydrazoic acid gave a substance which could be 
separated from ornithine on chromatograms rim in 
aqueous n-butanol-acetic acid mixture (Partridge, 
1948). It was therefore evident that (IH) was not 
DL-a-aminoadipic acid. 


CH,.CO.NH.CH + CH2=C.C02.CHj 

* I 


COjCjH, 


NaOC,Hi 


COjCjH, CHj 


1 I 

CH, - CO . NH . C — CHj— CH— COsCHj 


COjC^Hj 


Hydrolysis and 
decarboxylation 


COOH CHj 

I I ^ 



Fig. 1. X-ray powder photographs of (a) compound (III) 
and (6) synthetic y-methylglutamic acid. Cu (Ni filtered) 
KK radiation; specimen to film distance 5 cm. 

On the other hand, it had been found that the 
melting point of (III) was low compared with those 
of most of the known a-amino-acids, and pjrrrole 
derivatives had been detected in the vapour formed 
when (III) was fused with zinc dust. These facts 
suggested that the compound contained an a-amino 
and a y-carboxyl group, and it was considered that 
(HI) might be y-methylglutamic acid. 

Synthesis of y-methylglutamic acid. Glutamic acid 
has been synthesized by Michael condensations: 
methyl acrylate and ethyl phthalimidomalonate 
were employed by Marvel & Stoddard (1938), and 
methyl acrylate and ethyl acetaminomalonate by 
Snyder, Shekelton & Lewis (1946), 

Evidence of the synthesis of (IH) by condensation 
of methyl methacrylate until ethyl phthalimido- 
malonate was obtained. However, better results 


Elementary analysis of the synthetic material 
gave the empirical formula CgHnO^N ; when fused 
with zinc dust it gave a positive pine -splinter test for 
pyrrole derivatives. 

The position of the synthetic compoimd on paper 
eliromatograms coincided with that of the natural 
acid (HI). Both substances melted at 154r-15o° and 
the melting point of a mixture was unchanged. 

Prof. Kathleen' Lonsdale, F.R.S., very kindly 
arranged for X-ray powder photographs of the 
natural and synthetic acids to be prepared (Fig. 1). 
She reported that the two samples gave identical 
results. 

Oxidative degradation of (II). The synthesis of 
(HI) had provided good evidence of the carbon 
skeleton of the new compounds. The possible posi- 
tion of the double bond had been indicated by the 
formation of aspartic acid by treatment of the un- 
saturated compounds with ozone. However, the 
yield of aspartic acid was low, and no non-nitro- 
genous fragment had been isolated. Accordingly, 
further experiments were made on the oxidative 
degradation of (II). 

The compound reacted almost completely with 
an approximately equimolecular amoimt of potas- 
sium permanganate in ice-cold aqueous solution. 
Further oxidation with periodic acid gave, on 
different occasions, yields of formaldehyde • (dime- 
done derivative) of 41, 27 and 25% (mol. basis). 
The main ninhydrin-reacting component resulting 
from permanganate-periodate oxidation could not 
be separated from aspartic acid on chromatograms 
run in phenol-ammonia, butanol-acetic acid 
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(Partridge, 1948) or collidine-lutidine solvents. 
Evidence that aspartic acid was formed in 32% 
yield was obtained by a quantitative chromato- 
graphic method (Fowden, 1951). 

Exhaustive methylation (Braunstein el al. 1947) 
of the product of oxidative degradation after 
removal of formaldehyde gave fmnaric acid, 
corresponding to a yield of 29 % of aspartic acid. 

Provisional structures of the new compoimds are 
included in the following scheme, which also sum- 
marizes the main reactions described : 


COOH 
I 

CHj 

L MU h.cho 

Cold KMnO< solution 
Q ^followed by HJO< 




COOH 

1 

1 

C=CH, 

1 ^ 


— 0- 

11 

0 

X 

hi 

1 

CH, 

1 

Mild hydrolysis, 

1 

CH, 

1 

CH.NH, 

1 

Autolysis 

CH.NH. 

1 

COOH 


COOH 



y-Methyleiie- 

glutamine 

(I) 


y-Methyleoe- 
glutamic acid 

( 11 ) 


Synthesis from methyl 
methacrylate and ethyl 
acetamidomalonate 
— >■ 


Hj, 

Pd-on-C 

catalyst 


COOH 


CH.CH, 


CHj 

CH.NHj 


COOH 


y-Methylglutamic 

acid 


(HI) 


EXPERIMENTAL 

All melting points are imcorrected. 

Isolation of compound (/). Young plants (3000-4000) were 
grown in boxes containing either garden soil or gravel and 
nutrient salts. Exudates were obtained by cutting the main 
stems when four to eight leaves had developed. They were 
collected in capillary tubes, and stored in the refrigerator in 
2-4 ml. batches. The precipitate which formed was removed 
by centrifugation. A total of approx. 40 ml. of material was 
obtained. Preliminary attempts to concentrate or crystal- 
lize (I) by extraction of dried exudate with ethanol and by 
other methods were not successful. 
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A column of Zeo-Karb 215 was prepared (Partridge & 
Westall, 1949), 15 cm. in length and 0-9 cm. in diameter. 
The exudate material was diluted with 250 ml. of water and 
passed through the column at the rate of 1 drop in 
approx. 4 sec. The resin darkened progressively from the 
top ns the mixture passed through the column, until finally 
only a few mm. at the bottom remained unchanged. 
Distilled water (1 1.) was used to wash the column and then 
a solution of OTSn-NHj was run through. Eighteen 
fractions of vol. 10-15 ml. were collected. 

A light-coloured band moved down the column during 
elution. This was apparently due to (I), since when it ‘ broke 
through’ fraction 9, 6 pi. of the effluent gave a strong 
yellow to red colour when treated with ninhydrin on filter 
paper. Chromatograms of 50 pi. amounts of the eluates 
were run in phenol-NHj. The results are given in Table 1 . 

Table 1. Elution of compound {I)from Zeo-Karb 215 
with dilute ammonia solution 


(For details, see text.) 


Fractions 
(serial nos.) 

Appearance of filter-paper chromatogram 
(Phenol-NHj-water) 

1-8 

Faint (I) spot 

9 

Fairly strong (I) spot 

10-12 

(I) spot about 10 times as strong as that in 
fraction 9. Faint pink spot at origin 

13-17 

(I) spot as in preceding fractions. Faint 
purple streaks before and after (I) 

18 

(I) spot about half as strong as that of 
fraction 9 


Fractions 1-7 were discarded. Fractions 8-17 were 
evaporated to dryness over H^SO^ in a vacuum desiccator. 
190 mg. of residue were obtained which yielded 120 mg. of 
material in flat colourless crystals after two crystallizations 
from aqueous ethanol. (Found: C, 46'0; H. 6’5; N (Dumas), 
17-3. C 5 H 10 O 3 N 2 requires C, 45-6; H, 6-3;'N, 17-7%.) Wien 
heated in a sealed melting-point tube at the rate of about 
3°/min., signs of decomposition appeared at 173° and m- 
creased until 182° had been reached. No melting or further 
change occmred up to 260°. The tube was cut open at bot 1 
ends, and the vapour inside blown over the surface of a moist 
litmus paper which then gave a strong alkaline reaction. 

(I) dissolved very readily in water, and the solution gave 
a slightly acidic reaction with bromothymol blue. 

Estimation of amide nitrogen. The microdiffusion metho 
of Dekker, Stone & Fruton (1949) was used, adapted to a 
small diffusion unit made of paraffin wax. 

A solution (50 pi.) made by dissolving 2-223 mg. of (I)in 
1 ml. of water was placed in one depression in the wax. 
2N-NaOH (50 pi.) was placed in a second depression, an 
Sn-HjSO^ (100 pi.) in a third. The unit was covered by a 
glass plate and sealed by melting a little wax at the e geso 
the glass. The alkali was then shaken into the test solu 10 , 
and the unit left at room temperature for 30 hr. The aci wa 
removed to a test tube, and the alkaline 
with nitrogen-free H 2 SO 4 and a selenium catalyst. rog 
in the mixtures and in a digest of the original 
estimated colorimetrically after nesslerization. ( 0 ** 
diffused N, 9-3; residual N, 9-1 ; total N, 18-2%.) . .j 

Follo-iving Borsook & Dubnoff (1939), who deter 
amide N by hydrolysis in N-acid, 1 ml. of solution as us 
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the preceding experiment was heated for 3 hr. with 0'5 ml. 
3N-H2SO1 at 100°. NH3-N in the hydrolysate, as deter- 
mined by nesslerization, was equivalent to 8-7 % of (I). 

Treatment with ozone, 5 mg. of (I) dissolved in water were 
treated with ozone. When the solution was concentrated in a 
vacuum desiccator, extensive decomposition occurred with 
the formation of carbonaceous matter. The main ninhydrin- 
reacting component gave a purple spot which coincided in 
position on paper chromatograms with that due to aspartic 
acid. It could not be separated from added aspartic acid on 
two-dimensional or long-developed one-dimensional chro- 
matograms in aqueous phenol-NHa and ji-butanol-acetic 
acid (Partridge, 1948). 

The isolation of compound (II). The tops of the young 
plants from which the exudates had been obtained were 
broken up in water in a blender and then incubated over- 
night at 37° in the presence of a little thymol. The auto- 
lysates were filtered through muslin and stored in the 
refrigerator. The autolysates were pooled, charcoal was 
added and the mixture stirred for 30 min. at room temper- 
ature and filtered. The final volume was about 10 1. 

The liquid was passed through a column of Zeo-Karb 215, 
which adsorbed all the ninhydrin-reacting substances. The 
column was washed with several litres of distilled water, and 
then a solution of O-ISn-NHs was run through. The effluent 
was evaporated under reduced pressure until the volume was 
1-8 1., and then extracted several times with ether to remove 
fat. Dissolved ether was removed by aeration, and the liquid 
again treated with charcoal at room temperature and filtered. 

A column of De-Acidite B was prepared (Partridge & 
Brimley, 1949) measuring 40 x 24 cm. The liquid was run 
through at the rate of 5-6 ml./min., and the effluent collected 
in fractions of approx. 250 ml. 

Chromatograms showed that the column had removed the 
acidic components (aspartic and glutamic acids and com- 
pound II) from the first !•! 1. of liquid. The later fractions 
(about 650 ml.) contained the acidic as well as other amino- 
acids. 

The column was washed mth 1-81. of O-lN-acetic acid 
followed by 500 ml. of 0'25 n-HC 1, at the rate of about 
100 ml./hr. Fractions were collected at 50-60 min. intervals 
Chromatograms of fractions 1-6 showed glutamic acid 
and only traces of (II), so they were discarded. Pooled 
fractions were evaporated by distillation at reduced 
pressure, and residual water was removed by drjdng over 
NaOH in a vacuum desiccator. 

Fractional crystallization of the products from water 
yielded 1-063 g. of crystals which gave only spot (II) on 
chromatograms, and a number of samples of total weight 
2-680 g. which were found to contain slight traces of glutamic 
acid. The former batch was used for analytical and other 
quantitative work. The other samples were used for 
qualitative examinations, and, after further crystallizations, 
for the preparation of derivatives. 

Some properties of compound (II). When heated in a 
melting-point tube, decomposition commenced at 196°, 
after which the substance changed in colour through yellow 
to dark brown at 325°. With more rapid heating (i.e. greater 
than 2°/min.) the first change occurred at 204°, when the 
surface of the substance became ‘moist’. 

The acid had a low solubility in water. No optical activity 
was detected when 96-3 mg. were made neutral to phenol- 
phthalein \vith NaOH in water (final vol. 1-82 ml.) and 
obsen-ed in a 1 dm. polarimeter tube. (Found: C, 44-1; 
H, 5-7; N, 8-6; amino N (Van Slyke nitrous acid method. 


4 min. reaction), 84. CjHj04N requires C, 45-2; H, 6-7, 
N, 8-8%.) When 164 mg. of (II) was titrated with 0-735 n- 
NaOH to a faint pink to phenolphthalein, the equiv. wt. 
was found to bo 158 (formula wt. 169). COj was evolved 
when (II) was dissolved in 10% (w/v) NajCOj solution. 

Treatment with ozone. 100 mg. of (11) was suspended in 
7 ml. of water and ozonized o.xygen was passed through for 
45 min. The product of the treatment was at first a clear 
solution, but extensive decomposition occurred when it was 
allowed to stand overnight. The main ninhydrin-reacting 
component found on chromatograms coincided in position 
with aspartic acid. 

After removal of the charred material by filtration the 
solution was boiled with CUCO3. The excess CUCO3 was 
removed by filtration, and, on cooling, a copper compound 
of low solubility in water crystallized out. Copper was re- 
moved from this by HjS, and 11-1 mg. of a white crystalline 
solid were obtained by crystallization from aqueous ethanol. 
This was shown to be aspartic acid by exhaustive methyla- 
tion tofumaric acid (Braunstein et al. 1947). The product of 
exhaustive methylation, isolated from the reaction mixture 
with ether by means of a small continuous extraction 
apparatus, melted at 295° in a sealed tube. The melting 
point was unchanged when the product was mixed with an 
authentic sample of fumaric acid. 

Oxidation with permanganate. KhlnO^ solution (1 %, w/v) 
was added to about 1 ml. of a saturated solution of (II), 
until there was a slight permanent pink colour. This colour 
was discharged by adding 1 drop more of the solution of 
(II). The mixture was filtered and electrolytioally desalted 
(Consden, Gordon & Martin, 1947). 

Chromatograms run with aqueous n-butanol-acetic acid 
mixture showed a prominent spot which coincided in posi- 
tion with aspartic acid. Two other spots were visible: a well 
marked spot of lower R^, and a faint spot of higher Ep than 
the aspartic acid. 

In another experiment 96 mg. of (II) were dissolved in 
4 ml. 10% (w/v) Na3C03 solution. Finely powdered 
KMnOj was added until a slight excess could be detected. 
A few mg. more of (II) were then added. The mixture was 
warmed to about 60° for a few minutes, when coagulation of 
MnOj commenced. It was then filtered, and the precipitate 
washed. A portion of the filtrate was desalted and chro- 
matograms showed a single spot coincident in position with 
aspartic acid. However, the latter could not be isolated as 
the Cu salt, presumably because of the high concentration of 
electrolytes in the mixture. Later, oxalic acid was isolated 
from residues from this experiment through the Ca salt 
(melting point of the di-p-toluidide 264°, unchanged when 
mixed with an authentic sample). 

Oxidation with cold aqueous permanganate was studied 
in more detail later. 

R^uction of compound (II) to compound (III) and in- 
vestigation of the product. In one experiment, 28-9 ml. of H, 
were absorbed by 180 mg. of (II) suspended in 10 ml. water 
with 50 mg. paUadium-on-carbon catalyst. (The theoretical 
amount for a reaction CjHsOiN^CsHuOiN under the same 
e.xpenmental conditions was 27-8 nil.) 

Mter removal of the catalyst, the solution was evapor- 
ated m a vacuum desiccator. Solid separated when 1-2 ml. 
of solution remained. This was dissolved by addition of the 
mmimum of water. Acetone was added and the mixture left 

rS ^ filtration. (Found: C, 44-7; H, 6-8; N, 9-1 

C.H„ 04 NrequiresC, 44 - 7 ;H, 6 - 8 ;N. 8 - 7 %.) Equiv.wt by 
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titration with 0-103N-NaOH was 159 (equiv. wt. of mono- 
basic C5H11O4N, 161). Melting points varied from 154-165°, 
apparently depending on the rate of heating and the amount 
of material used. 

2-3 mg. of (III) were shaken with cone. HjSO^ and 
excess ofNjHin CHCl3at43-46° (Adamson, 1939). Asample 
of the reaction product was desalted and on paper chro- 
matography the main ninhydrin-reacting component of the 
solution had a higher Bp value than ornithine in aqueous n- 
butanol-acetic acid mixture, being clearly separated from 
added ornithine. 

Synthesis of y-methylglutamic acid. Preliminary ejTperi- 
ments were based on the glutamic acid synthesis of Marvel & 
Stoddard (1938), methyl methacrylate (containing quinol to 
inhibit polymerization) being used in place of the methyl 
acrylate. Methyl methacrylate and diethyl phthahmido- 
malonate were refluxed in absolute ethanol in which small 
amounts of sodium had been dissolved. Volatile com- 
ponents were removed after different periods of refluxing, 
and samples of the residues were hydrolysed overnight with 
20 % (w/v) HCl in sealed tubes at 105°. Chromatograms run 
in aqueous n-butanol-acetic acid showed the presence of 
glycine (presumably from free diethyl phthahmidomalonate) 
and another component coincident in position with com- 
poimd (III) and presumably y-methylglutamic acid. The 
glycine and phthalic acid also present could not be separated 
from this by crystallization from aqueous ethanol oraqueous 
acetone. A copper salt of low solubility in water was ob- 
tained from the hydrolysis product, which, after removal of 
the copper by HjS, was found to yield only a trace of glycine 
on the chromatograms run in butanol-acetic acid solvent, 
together with an intense spot coincident in position with 
(III). 1-83 g. of the copper salt were obtained from 23-8 g. 
of diethyl phthahmidomalonate. However, prehminaiy 
experiments indicated that better results could be obtained 
by a different procedure. 

Snyder et al. (1945) synthesized DL-glutamic acid from 
methyl acrylate and diethyl acetaminomalonate. In the 
experiment to be described, the conditions were similar to 
those in the above-mentioned synthesis except that sulphur 
was added to inhibit polymerization of methyl methacrylate 
and that an intermediate was isolated and recrystalhzed 
before hydrolysis. 

Sodium (120 mg., 0-0052 g.atom) was dissolved in 
approx. 20 ml. ethanol in a 200 ml. flask. 100 mg. sulphur 
and 10-85 g. (0-05 mole) ethyl acetaminomalonate were 
added. An attachment bearing a mechanical stirrer, a 
reflux condenser, and a dropping funnel was fixed to the 
flask. The contents were refluxed and 10 g. (0-1 mole) of 
methyl methacrylate were added in drops during 4 hr. 
Refluxing was continued for a further hour. 

The reaction mixture yielded 7-34 g. of colourless crystals 
after three crystaUizations from ethanol. Melting point 
109-5°, unchanged on recrystallization. (Found: N 
(Kjeldahl), 5-7, 5-8%.) This substance was not, ap- 
parently, the primary condensation product of methyl 
methacrylate and ethyl acetaminomalonate, the N content 
of which would be 4-6%. A small sample was hydrolysed 
overnight by 20% (w/v) HCl in a sealed tube at 105°, and 
chromatograms run -with n-butanol-acetic acid showed a 
spot coincident in position with (III), and no glycine. 
2-78 g. of the intermediate was hydrolysed by refluxing 
in 20% (w/v) HCl, more HCl being added from time 
to time to replace the acid which had been used in the 
reaction. 
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The hydrolysate was evaporated almost to dryness at 
reduced pressure. The process was repeated three times 
after addition of 5 ml. amounts of water. The product was 
then dissolved in 50 ml. of water. Residual HCl was re- 
moved by two extractions of the solution with excess of a 
5% (w/v) solution of trioctylamine in CHCI3 (Lester Smith 
& Page, 1948). The aqueous layer was washed twice with 
CHCI3 and evaporated in a' vacuum desiccator until 
solid appeared. A further batch of the intermediate (3-62 g.) 
was hydrolysed and the acid-free product combined mth 
that from the first batch. The crude produet was dissolved in 
the minimum of water. Acetone was added, and the mixture 
cooled in crushed ice and left overnight in the refrigerator. 
The resulting solid was filtered off, dissolved in the minimum 
amormt of water, and again treated with acetone, cooled and 
left overnight in the refrigerator. 2-82 g. crystalline solid 
were obtained (45 % yield, based on the diethyl acetamino- 
malonate). (Found: C, 44-9; H, 6-8; N, 8-5. CjHnOiN 
requires C, 44-7 ; H, 6-8; N, 8-7 %.) 

Oxidative degradation of acid (II). 1-4 ml. of 0-735 n- 
NaOH were added to 161 mg. of acid (II). The solution thus 
obtained gave a fight-green colour with bromothymol blue. 
Asolution of IfiSmg.ofKJInOjin 10 ml. water was added in 
drops over 45 min. The reaction was carried out in a cold 
room and the temperature of the mixture maintained at 
5-6°. After the reaction, the mixture was allowed to stand 
for 30 min. at laboratory temperature. It was then warmed 
to 30-35° in a water bath for a few minutes to coagulate the 
Mn02. The precipitate was removed by centrifugation and 
washed with four lots of water (total vol. 10 ml.). A sample 
(0-5 ml.) was removed. 

A faint turbidity developed when aqueous dimedone 
solution was added to part of the sample. The remainder of 
the sample was desalted. Chromatograms run -with phenol- 
NH3 and n-butanol-acetic acid solvents showed that the 
main ninhydrin-reacting component had a lower Bp than 
aspartic acid. Smaller amounts of aspartic acid, compound 

(II) and compound (III) were also present. (The compound 

(III) had probably been formed by reduction of compound 
(11) in the desalter.) 

0-75 g. of HIO4 . 2H2O was added to the combined super- 
natants. A slight red precipitate formed. This was removed 
after 1 hr. by centrifugation and the mixture was allowed to 
stand for a further 30 min. CO2 was slowly evolved during 
the periodate reaction. Periodate was precipitated as the 
Ba salt by addition of Ba(OH)2 in slight excess. The pre- 
cipitate was washed on the centrifuge, and the combined 
supernatants made slightly acid with H2SO4 and filtered. 

The filtrate was distilled and the distillate collected in an 
aqueous solution containing approx. 260 mg. of dimedone. 
71 mg. of a dimedone derivative were obtained. Its meltuig 
point was 189°, unchanged when mixed with an authentic 
sample of the formaldehyde derivative (yield corresponding 
to 25 % of formaldehyde, mol. basis). 

A sample of residue from the distillation was desalte . 
Chromatograms showed a heavy spot corresponding in 1 a 
position -with aspartic acid. The spot could not be separa e 
from that due to added aspartic acid on further chroma o 

grams run in phenol-NH3,?i-butanol-acetic acid, or co i me 

lutidine solvents. A desalted sample of the residue from 
distillation was analysed bya quantitative chromatopap u 
method (Fowden, 1951). The amount of amino N “ 
referred to above was found to correspond to a yield 0 /o 
(mol. basis) from the amoimt in the original su s an 
A similar experiment gave 27 % of formaldehyde. 
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377 mg. of (11) were oxidized in a third experiment. 
370 mg. of KMnOi and 1-3 g. of HlOi-SH^O were need. 
After the treatment with Ba(0H)j, 330 mg. of dimedone 
dissolved in hot water were added. The mixture was left 
overnight at room temperature, and the resulting precipi- 
tate filtered off and washed with cold water. 301 mg. of 
formaldehyde derivative were obtained (mixed m.p. 189°, 
yield 41 %). The filtrate was evaporated to_ small hulk, 
filtered, and treated with dimethyl sulphate and 33% (w/y) 
NaOH (Braunstein et al. 1947). 81 mg. of fumario acid 
(29% yield) were obtained after continuous ether extrac- 
tion (m.p. 292° in a sealed tube; 295° after crystallization 
from water, unchanged on admixture of an authentic 
sample). 

DISCUSSION 

The oxidative degradation of (II) and the synthesis 
of its reduced form have provided evidence on the 
basis of which the provisional structure 

COOH . CH(NH2) . CHj . C(==CH2)C00H 
(y-methyleneglutamic acid) is proposed. The identi- 
fication of aspartic acid by paper chromatography 
after treatment of the amide with ozone indicates 
that the amide is 

COOH . CH(NH2)CH2 . C(=CH2) . CONHa 
(y-methyleneglutamine). 

Steward & Thompson (1950) presented a ssmopsis 
of the results of paper-chromatographic examina- 
tion of ethanol extracts of various plant materials. 
They suggested that amides may occur among a 
group of acid-labile substances detected. However, 
although asparagine was isolated by Vauquelin & 
Bobiquet (1806) and glutamine by Schulze & 
Bossard (1883), no similar amino-acid amide has 
been isolated before the present investigation. 


tinguished from ]3 -alanine on chromatograms run m 
tliree different solvents. ^-Alanine could be pro- 
duced from a-methylene-y-aminobutyric acid: 

CHj 

COOH.Jl.CH-.CHj.NHs— ^COOH.GHj.CHj.NHj 

y-Aminobutyric acid and ^-alanine, the m-amino- 
acids related to glutamic and aspartic acids re- 
spectively, are now Imown to be widely distributed 
among plants. The possible existence of an m- 
amino-acid related to y-methyleneglutamic acid is 
therefore of considerable interest. 

Compounds (I), (II) and (TV) were converted, in 
the electrolytic cell of the desalter, to substances 
which gave purple ninliydrin spots. After such 
treatment, the substance formed from (II) could not 
be distinguished from compoimd (III) by paper- 
chromatographic methods. The i?^.’s of the sub- 
stances formed from (I) and (IV) differed only 
slightly from those of the original compoimds. 
Apparently compounds (I) and (TV) are also 
reduced to substances which give a purple colour 
with ninhydrin. None of the reduced forms has been 
detected in ethanolic extracts of the plant material. 

Application of modem methods to amino-acid 
analysis and experiments using isotopic tracers are 
providing increasing evidence that glutamine, 
asparagine, glutamic acid and aspartic acid are 
very active metabolites. Thus interesting results 
may be obtained from further work on the bio- 
chemistry of the new type of amide and the corre- 
sponding acid described in this paper. 

SXBIMARY 


The detection and isolation of the new amino-acid 
amide (tentatively recognized as y-methylene- 
glutamine) and the corresponding acid were made 
possible by the techniques of paper chromatography. 
Among other favourable circumstances were: the 
high concentration of the amide in the exudates, the 
distinctive ninhydrin reaction of the amide and 
acid, the low solubility of the acid in water, and the 
fact that autolysis caused only partial deamidation 
of asparagine and glutamine, but apparently almost 
complete deamidation of y-methyleneglutamine. 
The autolysate from which y-methyleneglutamic 
acid was isolated contained a substance (TV) which 
gave a yellow-brown spot at Rp 0-85 in phenol- 
ammonia. Traces of the same substance were found 
in the end residues from the fractional crystalliza- 
tions of the acid, along with a number of other amino- 
acids. (It is likely that non-acidic amino-acids were 
retained to some extent on the De-Acidite B and 
were eluted by the ammonia.) A small quantity 
of (r\') was isolated from chromatograms of these 
residues by elution of the appropriate parts of the 
paper. After treatment w-ith ozone, the product 
contained a substance which could not be dis- 


1. An unsaturated amino-acid amide and the 
corresponding dicarboxjdic amino-acid have been 
isolated from vegetative material of groundnut 
plants (Arachis hypogaea). The acid showed no 
optical activity as its sodium salt in water. 

2. The provisional structm-es 

COOH . CH(NH2)CH2 . C( =CH„)C0NH2 
(y-methyleneglutamine) and 

C00H.CH(NH2)CH2.C(=CH2)C00H 

(y-methyleneglutamic acid) have been proposed. 

3. The dicarboxylic amino-acid was reduced and 
the product agreed in properties with a synthetic 
preparation of y-methylglutamic acid. 

■ 4. The new compounds appear to he normal meta- 
bolites of the plants, but the reduced forms were not 
detected in ethanolic extracts of fresh material. 

5. Evidence was obtained that a third un- 
saturated amino compound was present in the auto- 
lysed material. 
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The Carotenoids of the Berries of Lonicera japonica 


By T. W. GOODWIN 

Department of Biochemistry, The University of Liverpool 
(Received 10 November 1951) 


Although a great deal is known concerning the 
distribution and occurrence of carotenoids in fruit 
(see Karrer & Jucker, 1949; Goodwin, 19526), there 
are still many gaps in our knowledge; these will 
have to be filled if a rationale of carotenoid distribu- 
tion in fruit is eventually to be achieved. Further- 
more, studies on the minor carotenoid components of 
fruit may well throw considerable light on the mode 
of biogenesis of carotenoids. Only one such in- 
vestigation on tomatoes has been carried out 
(Porter & Lincoln, 1950); the results permitted the 
authors to suggest a working hypothesis for car- 
tenogenesis in this fruit. 

No precise information is available on the caro- 
tenoids of the berries of the family Caprifoliaceae, 
although early workers had indicated the presence 
of lipochromes (carotenoids) in Lonicera tartarica 
(Schimper, 1885), L. xylosteum (Schimper, 1885; 
Molisch, 1896; Kohl, 1902; Nowak & Zellner, 1921); 
Sambiicus nigra (Nowak & Zellner, 1921), V.iburnum 
opidis and V. lantana (Wisselingh, 1914; Nowak & 
Zellner, 1921; Kryz, 1919). When a small crop of 
ripe berries of a cultivated climbing honeysuckle 
(Lonicera japonica) became available an investiga- 
tion was rmdertaken into the nature of the caro- 
tenoids present, with special emphasis on the minor 
components. 

EXPERIMENTAL 

Materials. The fully ripened berries were obtained from a 
garden in north-west Cheshire. Two portions of about 200 g. 
each were examined separately with identical results. 


Extraction and separation of the carotenoids 

The fresh berries were ground to a fine powder with 
NajSOj and the powder extracted with successive portions of 
diethyl ether (freshly distilled over reduced iron) until no 
further colour was extracted. The combined ether extracts 
were taken to dryness in vacuo at room temperature and the 
lipids saponified by adding to the residue 1 ml. of 60% 
(w/v) aqueous KOH and 5 ml. of ethanol, mixing and allow- 
ing to stand overnight at room temperatme. The unsaponi- 
fiable matter was extracted into ether as described by 
Goodwin & Morton (1946) and the ether was removed in 
vacuo; the residue was dissolved in a small volume of fight 
petroleum (b.p. 40-60°) and examined chromatopaphically. 
Petroleum, b.p. 40-60°, was used throughout this investiga- 
tion. 

Separation 1. A preliminary separation of the pigment 
mixture was first carried out on alumina (Spence, Grade 0 ) 
deactivated with methanol (Goodwin, 1952 o) using ligW 
petroleum containing 10% (v/v) of ether as developer. The 
resulting chromatogram is described in Table 1. 

Separation 2. Fraction 1 (Table 1), which eventua y 
percolates through the column, was coUected in the filtra , 
the mixed solvents removed in vacuo and the residue re 
dissolved in light petroleum and chromatographed on 
activated alumina (Spence, Grade ‘O’). Five fractions were 
obtained as recorded in Table 2. , 

Separation 3. Zone 6 (Table 1) was eluted with ethanol. 
The ethanol was removed in vacuo at 30° and the 
dissolved in a few drops of ether and made to approx. 1 
with light petroleum. This treatment is necessary because 
this fraction will not dissolve directly in light 
Chromatography was carried out on a column of ’ 
using benzene as developer. Four zones were obtaine , 
of which eventually moved down the column to be co ec 
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in the filtrate (Table 3). On treatment of the column with 
benzene containing 5% (v/v) of ethanol, fraction 6(7 
moved off the column and fraction 6Z), originally adsorbed 
at the top, separated into two zones which moved slowly 
down the column. The faster moving pigment was desig- 
nated 6D.4 and the slower moving one 6DB. 


Table 1. The first separation of Lonicera carotenoids 
on a column of deactivated alumina {Ooodwin, 
1952a), using light petroleum containing 10% 
{v[v) ether as developer 


(The zones are numbered in order of increasing adsorptive 


power.) 

Absorption 
spectrum maximum 

Zone 


(solvent, light 
petroleum) 

no. 

Description 

(mg.) 

1 

Orange, diffuse; greenish blue 

— 

2 

fluorescence* 

Narrow, orange-khaki 

490, 460, 440 

3 

Pink, sUght blue fluorescence* 

471, 445 

4 

Orange 

479, 450 

5 

Trace of khaki 

449 

6 

Orange-red, major fraction: 

452 


strongly adsorbed 


* In ultraviolet light. 

Table 2. The separation of fraction 1 (Table 1) on a 
column of activated alumina (Spence, Grade ‘O’), 
tising light petroleum containing 20 % (vjv) ether 
as developer 


(The zones are numbered in order of increasing ad- 
sorptive power.) 

Absorption 
spectrum maximum 


Zone 

Description 

(solvent, light 
petroleum) 

no. 

(mp.) 

\A 

Trace of blue-green 

348, 367 


fluorescence* 


Table 3. The separation of fraction 6 (Table 1) on a 
column of ZnCOg, using benzene as developer 


(The zones are numbered in order of increasing ad- 
sorptive power.) 

Absorption 

Zone spectrum maximum 

no. Description (mf^O 


6A 

6B 

6C 

6D 


* 


Orange-red, major fraction 
Small zone, khaki 
Small brick-red zone 
Lemon-yellow 


464, 491* 
438, 463* 
453, 479t 
429 (broad)f 


Solvent benzene. Solvent ethanol. 


Examination of thefraetions 

Fractions 2, 3 (Table 1), 10, ID, ID (Table 2), 6A, 60, 
6DB (Table 3). Examination of these fractions, after further 
chromatographic purification on appropriately activated 
alumina, indicated that in all probability they were y- 
carotene (2), lycopene (3), phytofluene (10), )3-carotene 
(ID), 5-carotene (ID), cryptoxanthin (6A), zeaxanthin 
(60) and auroxanthin (6DD). In each case, except the last, 
the berry carotenoid was compared chromatographicaUy 
and spectroscopically with an authentic and chromato- 
graphically homogeneous sample of the corresponding 
pigment. Samples of all the carotenes were obtained from 
the fungus Phycomyces blakesleeanus (Goodwin, 1952a). 
Cryptoxanthin and zeaxanthin were obtained from a com- 
mercial sample of maize meal. 

In the case of fraction 6DD no authentic specimen of 
auroxanthin was available, but, as demonstrated lator, the 
properties of this pigment (Karrer & Rutschmann, 1942) are 
so distinctive, that it is virtually impossible to confuse it 
with any other carotenoid. 

Fractions lA, ID (Table 2), 6D and 6DA (Table 3). lA 
appears to be closely related to phytofluene, whilst ID is 
considered to be a carotene not previously described, it is 
proposed to caU it ly-carotene. Fraction 4 appears to be very 
similar to the unidentified pigment reported in human milk 
(Kon & Mawson, 1950), whilst fractions 5, 6D and 6DA 
remain umdentified. 


ID 

1C 

ID 

ID 


Lemon-yellow, diffuse, slight 
blue fluorescence* 

Colourless, bright green-blue 
fluorescence* 

Diffuse-orange: major zone 
Small, narrow, pale lemon 
* In ultraviolet light. 


399, 425 

631, 348, 367 

450, 474 
381, 401, 427t 
t In ether. 


Quantitative experiment 

In order to obtam information on the relative amounts of 
the constituent pigments present in the berries, in one 
expe^ent the fractions obtained, as described above were 
issoived m known volumes of light petroleum and the 
extinctions of the solutions measured at the wavelengths of 

•™al „t,h, u.tora. 




Carotenoid 

Phytofluene 

j3-Carotene 

5-Carotene 

y-Carotene 

Lycopene 

Ciyptoxanthin 

Zeaxanthin 

Auroxanthin 


Wavelength 

(mfi.) 

348 

450 
422 
459 
469 

451 

452 
425 


1200 

2580 

2500 

2760* 

3460* 

2460 

2480 

1780* 


Calculated from graphs. 


Reference 

Porter & Lincoln (1950) 
Zsoheile et at. (1942) 
Porter & Lincoln (1950) 
Zechmeister (1944) 
Zechmeister (1944) 
Zscheile et al. (1942) 
Zscheile ct al. (1942) 
Karrer & Jucker (1945) 
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extinction values of the pigments recorded in Table 4, the 
amoimt of each pigment could be calculated. For this 
present purpose the Fi?L (max.) values for the new carotene 
and the unidentified xanthophylls were assumed to he 2600. 

RESULTS 
A. The carotenes 

The following carotenes were identified unequi- 
vocally: phytofiuene, jS-carotene, ^-carotene, lyco- 
pene and y-carotene. They were chromatographic- 
ally indistinguishable from authentic specimens of 
the corresponding compounds, and the shape and 
position of their absorption bands in the region 
380-500 mp. (320-400 m/x. in the case of phyto- 
fluene) were also identical with those of the known 
polyenes. Full details have recently been given of 
the chromatographic and spectral properties of 
these pigments (Goodwin, 1952ct), and further 
elaboration is unnecessary here. 

Fraction lA {Table 2). This fraction, which only 
occurred in very small amounts, had an absorption 
spectrum very similar to that of phytofiuene, but 
appeared to be rather less strongly adsorbed on 
alumina than this polyene. Insufficient material 
was available to examine it in any detail, but these 
preliminary observations do suggest that it is quite 
distinct from phytofiuene. 

Fraction 1 B {Table 2). This fraction runs down an 
alumina column as a diffuse dull orange band just 
ahead of phytofiuene and a-carotene. When these 
cliromatographic properties are considered in con- 
junction with its spectral properties (Fig. 1), there is 
no doubt that this is a new carotene. The orfiy 
carotene with similar chromatographic behaviour is 
e-carotene obtained by Strain & Manning (1943) 
from the diatoms Nitzschia closterium and Navicula 
torquatum. A comparison of the spectnun of e-caro- 
tene and that of the Lonicera carotene given in Fig. 1 
shows that they are quite distinct. The only carotene 
already reported with an absorption spectrum at all 
similar to that of the pigment in fraction IB is 
5-carotene (Porter & Lincoln, 1950). This pigment is, 
however, easily separable from the Lonicera carotene 
on a cliromatogram on alumina (4 parts activated; 
1 part deactivated); f-carotene is much more 
strongly adsorbed, for it forms a zone above )3- 
carotene whilst the new carotene travels down the 
column well in front of (and even a-) carotene. 
Furthermore, 5-carotene (IB) and the new carotene 
occur together in Lonicera, and are easily separable. 
Tlie uniqueness of this carotene being so apparent, it 
is suggested that it be named y-carotene. This 
nomenclature follows the recommendations of the 
‘Union Internationale de Chimie’ as drawn up by 
Karrer (1948). A full investigation into this pig- 
ment must await the availability of larger amoimts 
of ripe Lonicera berries at a time when it is feasible 


to examine them. The discovery of a more potent 
somce of this pigment would also he useful in this 
connexion, for, as will be seen later (Table 6), tj- 
carotene is only a minor component (1-3 %) of the 
total carotenoids of Lonicera. 



Fig. 1. Absorption spectrum of new carotene (y-carotene) 
obtained from Lonicera berries compared with that of 

e-carotene from the alga Jfiavicula iorquata. 

carotene in light petroleum (b.p. 40-60°); . e- 

carotene in ethanol (from Strain & Manning, 1943). 
Note, (i) The change in the position of absorption maxima 
of carotenes in light petroleum and ethanol is only slight 
(2-4 mfi .) : (ii) the E values are arranged so that 
the same for both pigments. 

Fraction 4. This fraction is epiphasic to 90 a,nd 
95 (v/v) aqueous methanol, has an absorption 

spectrum almost identical with that of ^-carotene, 
and is adsorbed on alumina to very much the same 
degree as is free vitamin A. It is probable that this is 
the unidentified pigment foimd in human bloo 
serum and milk by Kon & Mawson (1950). Their 
pigment showed absorption bands at 450 an 
476 mp., was adsorbed more strongly than lycopene 
and could not be separated chromatographically 
from vitamin A. • • tn 

Fraction 5. This fraction occurred only m 
traces. It exhibited an absorption spectrum similar 
to that of )3-carotene; insufficient amounts were 
available for further study. 


B. The xanthophylls 

:tion 6 A. This fraction was identified as 
ixanthin ; it had the same absorption spec 
) and the same chromatographic propertie 
itic cryptoxanthin. Furthermore, 
on test, it was not extracted from ig 
mm by shaking with 90% (v/v) 
nol; when, however, 95% (v/v) aq'i 
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methanol was used the pigment was equally 
distributed in the two phases ; this is a characteristic 
property of cryptoxanthin. 



Fig, 2. A comparison of the absorption spectrum of the 
pigment {zone 6 A, Table 3) obtained from Lonicera 
berries with that of authentic cryptoxanthin obtained 
from maize. The E values are so arranged that Fmai. is the 

same for both pigments. , Lonicera pigment; 

, cryptoxanthin. Solvent, light petroleum. 


comparison of the spectrum of the berry pigment 
with that of authentic zeaxanthin is recorded in 

u 

Fraction GDB. This fraction appears to be 
auroxanthin. No authentic auroxanthin was avail- 
able for comparison, but the very characteristic 
properties of this pigment leave little, if any, doubt 
as to its identification. The position and shape of its 
absorption spectrum is shared by only two other 
carotenoids, f-carotene and aurochrome (and to a 
lesser degree by ij-carotene). A consideration of 
other properties of these four pigments (Table 5) 
indicates that the present pigment can only be 
auroxanthin. A comparison of the spectra of pig- 
ment 6DB and that of auroxanthin is recorded in 
Fig. 4. 

Fractions GB, GDA. The spectra are recorded in 
Fig. 4, but could not be identified with any known 
xanthophylls. The compounds are completely 
hypophasic. The poor persistence of their spectra 
suggests that they might be neoxanthophylls 
(compare the spectral persistence of the neofuco- 
xanthins (Strain, Manning & Hardin, 1943)). 
Because of the well-known lability of xanthophylls, 
much further work is necessary before the possibility 
that these pigments are not merely oxidative arti- 
facts can be completely disproved. 

Natural occurrence of the xanthophylls 



Fig. 3. A comparison of the absorption spectrum of the 
pigment (zone 6C, Table 3) obtained from Lonicera 
berries with that of authentic zeaxanthin obtained from 
maize. The E values are so arranged that E^^ is the 

same for both pigments, ^ Lonicera pigment; 

, zeaxanthin. Solvent, ethanol. 

Fraction GC. A fraction which was completely 
hjqiophasio in the partition tests was identified as 
zeaxanthin by comparison in the usual ways with a 
specimen of zeaxanthin obtained from maize. A 


Partition experiments before saponification 
showed that the pigments in the crude extract of the 
berries were almost completely epiphasic using 
both 90 and 95% (v/v) aqueous methanol, thus 
indicating that the xanthophylls occurred naturally 
almost entirely as esters. 

The quantitative distribution of the 
component pigments 

The relative amounts of the pigments present in 
ripe Lonicera berries are recorded in Table 6. It will 
be clearly seen that cryptoxanthin is the pre- 
dominant pigment. 

DISCUSSION 

A great deal of the classical work on the isolation of 
carotenoids for determination of structure has been 
carried out on fruit of various species (see Karrer & 
Jucker, 1949, for a complete survey) and, quite 
naturally, with the emphasis being on isolation of 
large amounts, minor components were often 
i^ored. Now that, as a result of these investiga- 
tions, the properties of so many carotenoids are 
accurately known, it is possible, by utilizing im- 
proved chromatographic and spectrographic tech- 
niques, to separate and identify carotenoids without 
the necessity of isolating them in crystalline form 
In this way it has recently been shown that tomatoes 
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Table 5. A comparison of the properties of pigment QDB {Table 3) with those of auroxanthin, 

auroclirome, ^-carotene and •q-carotene 


Property 

Pigment 6 EB 

Auroxanthin 

Absorption maxima 
in light petroleum 
(mp.) 

400, 425 

400, 425 

Partition between 
light petroleum 
and 90 % (v/v) 
aqueous methanol 

Hypophasic 

Hypophasic 

Colour with cone. 
HCl 

Stable blue 

Stable blue 

Position on 

Strongly 

Strongly 

chromatogram 

adsorbed above 

adsorbed above 


zeaxanthin 

zeaxanthin 

References 

Present work 

Karrer & Rutsch- 


mann (1942) 


Aurochrome 

f-Carotene 

T/'Carotene 

428* . 

400, 426 

399, 425 

Epiphasio 

Epiphasic 

Epiphasic 

Stable blue 

None 

None 

Can be de- 
veloped on 
Ca(OH)2 with 
light petroleum; 
hydroxycaro- 
tenoids are not 
developed with 
this solvent 

Adsorbed above 
jS-carotene but 
below lycopene 

Adsorbed below 
a-carotene 

Karrer & Jucker 
(1945, 1949) 

Goodwin (1952 a) 
and present work 

Present work 


* The lower wave band in light petroleum is not recorded by Karrer & Jucker probably for technical reasons. Its 
existence is, however, obvious from a reference to the curve for aurochrome in CS2 . 


contain in addition to lycopene (the major com- 
ponent) very small amoimts of a series of polyenes, 
each differing from the next in the series by four 



Fig. 4. The absorption spectra of the pigment 6i?5 
(Table 3), authentic auroxanthin, and unidentified 

xanthophylls 6JS and 6DA (Table 3). , authentic 

amoxanthin in ethanol (redrawn from Karrer & Rutsch- 

mann, 1942); , pigment QDB in ethanol; , 

pigment 6 Fin benzene; .pigment 6D.d in ethanol. 

The E values for pigment &DB and auroxanthin are so 
arranged that is the same for both pigments. The 
E values for the other two pigments are those observed in 
solutions of unknown strength. They bear no relationship 
to each other or to the E values of 6DR and auroxanthin. 

hj'drogen atoms (Porter* Lincoln, 1950). From this 
investigation it has been postulated that these 
pigments represent successive intermediate steps in 


the synthesis of the fully unsaturated carotenoids 
(lycopene, )S-carotene, etc.). The present work 
indicates that a very similar series of pigments are 
present in Lonicera berries and this points to a path- 
way of synthesis similar to that occurring in 

Table 6. The quantitative distribution of the polyene 
components present in Lonicera berries, miasured 
as percentages of the total amount of pigments 
present 

Carotenoid 

Phytofluene-like (Fraction \A, Table 2) 

17-Carotene 
Phytofluene 
^-Carotene 
^-Carotene 
y-Carotene 
Lycopene 

Human milk pigment (Fraction 4, Table 1) 

Unknown (Fraction 5, Table 1) 

Cryptoxanthin 

Unknown (Fraction 6H, Table 3) 

Zeaxanthin 

Unknown (Fraction &DA, Table 3) 

Auroxanthin 

* By difference. 

tomatoes. As such a series of pigments has never 
been demonstrated in leaves, this strongly suggests 
that the route of carotenoid biogenesis in fruit is 
fundamentally different from that in green leaves. ^ 
Recent work has revealed the presence of a verj 
similar series of polyenes in the fimgus Phycomyees 
hlahesleeanus (Goodwin, 1952a), and earlier wor' 
suggests that most of the components of the senes 
also exists in other earotenogenic fungi; the syn 
thetic route in fruit and frmgi may thus be very 
similar. As yet, no such polyene series has een 
demonstrated in algae, flower petals or baetentt- 


Amount 

0- 45 

1- 9 

1- 3 
8-95 
0-6 
06 

2 - 6 

2- 9 
Trace 

66-2 

1-9 

3- 5 
&■%* 
5-0 
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Phytofiuene, a member of this series, has, however, 
been observed in a number of flower species 
(Zechmeister & Sandoval, 1946), and in one bac- 
terium, Mycobacterium phlei (Goodwin, 1952a). In 
the photosynthetic bacterium, Rhodospirillum 
rubrum, however, preliminary experiments suggest 
that phytofluene is not present (Goodwin & Osman, 
1951). 

The nature of y-carotene 

The position of the absorption spectrum of y- 
carotene, which is very similar to that of ^-carotene, 
suggests that, like ^-carotene, it contams seven 
conjugated double bonds. As it is less strongly 
adsorbed on a column than is ^-carotene, and as its 
position on the column is the same relative to 
carotene as that of ^-carotene is to lycopene, it is 
possible that -carotene bears the same structural 
relationship to j3-carotene as ^-carotene does to 
lycopene. Thus, it might well be octahydro-^- 
carotene, with the double bonds symmetrically 
placed about the centre of the molecule. If either of 
the double bonds in the jS-ionone residues were 
concerned in the chromophoric system, then one 
would expect the position of the absorption bands of 
^-carotene to be different from those of ij -carotene, 
in the same way as those of lycopene are different 
from those of |3-carotene. 

The small amount of material with a spectrum 
similar to that of phytofluene, which has been ob- 
served to be adsorbed below ^y-carotene may be, on 
similar reasoning, dodecahydro-)3-carotene, i.e. the 
^-carotene derivative corresponding to phytofluene, 
which is probably dodecahydrolycopene (Porter & 
Lincoln, 1950). 

It will be seen from Table 6 that Lonicera berries 
fall into one of the two main categories of caro- 
tenoid-containing fruit: those having crypto- 
xanthin as their major component. The other group 
tends to accumulate large amounts of lycopene. 

The occurrence in the berries of a pigment 


(fraction .4, Table 1) which appears to be the 
‘rmidentified pigment’ observed in hmnan blood 
serum and milk by Kon & Mawson (1960) is im- 
portant because this is the first time it has been 
reported in plant tissue. Willstaedt & With (1938), 
who observed a similar pigment in blood serum, 
considered it to be an ‘oxidation product’. This 
possibility remains, but now the further possibility 
exists that it occurs in human blood serum and milk 
as a result of its ingestion in the food. 

Two final points of interest may be mentioned : 
(1) neither a-carotene nor any of its derivatives 
occurs in the berries ; and (2) this is the first time that 
auroxanthin has been observed in berries, although 
it is widespread in flower petals (Karrer & J ucker, 
1949). 

SUHIMABY 

1. The following known carotenoids have been 
found in the ripe berries of the climbing honeysuckle 
{Lonicera japonica)-. phytofluene, )S-carotene, $- 
carotene, y-carotene, lycopene, cryptoxanthin, 
zeaxanthin and auroxanthin; an imidentified pig- 
ment present in human blood and milk (Kon & 
Mawson, 1950) also appears to be present. 

2. Some spectral and adsorption properties of a 
new carotene (7j-carotene) occurring in the berries 
are described. Small amoimts of a polyene very 
similar to, but distinct from, phytofiuene were also 
observed. 

3. Three pigments occurring in small amoimts 
were not identified ; their spectra are recorded. 

4. The relative amounts of the pigments present 
have been determined ; cryptoxanthin is the major 
component. The xanthophylls exist almost ex- 
clusively as esters. 

5. This work provides additional evidence to 
support the suggestion that the route of caroteno- 
genesis in fruit is different from that in green leaves. 

Thanks are due to Prof. R. A. Morton, F.R.S., for his 
, interest in this work. 
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Counter-ciirrent distribution between two immis- 
cible solvent phases, as first developed by Craig 
(1944), offers advantages over both direct and 
partition cliromatography for analytical and pre- 
parative work in the field of phospholipins (Lovern, 
1949). The only recorded use of the method for such 
pmposes appears to be in a series of papers from one 
laboratory and deals with vegetable phosphatides 
(Scholfield, Dutton, Tanner & Cowan, 1948; 
Scholfield, McGuire & Dutton, 1950; McGuire & 
Earle, 1951). These workers obtained varying 
degrees of separation of constituents by distribution 
between hexane and aqueous methanol or ethanol in 
a metal apparatus of essentially the original Craig 
pattern. Various developments in design of appar- 
atus (Lochte & Meyer, 1950; Craig, Hausmaim, 
Ahrens & Harfenist, 1951 ; Lathe & Ruthven, 1951) 
have considerably extended the scope of the method, 
and recently the similar ‘cascade distribution’ 
(Kies & Davis, 1951) offers an alternative technique. 

The author has studied the applicability of the 
counter-current technique to the separation of the 
constituents of the crude glycerophosphatide 
fraction of the lipids of ox brain, using light petro- 
lexun (b.p. 40-60°) and aqueous ethanol as solvents. 
Preliminary tests, both in a metal apparatus of the 
original Craig pattern and in a series of separating 
funnels, suggested that phospholipins are likely to 
give trouble with apparatus in which all equilibra- 
tions and transfers are performed by one operation. 
They appear to have a considerable effect on the 
solubility of one solvent in the other. Thus, although 
the two phases are saturated with each other at the 
start of the experiment, the relative voliunes of the 
two phases alter appreciably as fractionation 
proceeds along a series of vessels. This could lead to 
trouble with mixed phase transfers in an automatic 
apparatus. Moreover, at certain stages of the separa- 
tion ^usually rather late stages — ^it occasionally 
happens that the contents of one vessel will form a 
very stable emulsion whereas all the rest separate 
rapidly. This may occur only once or twice in the 
course of hundreds of transfers, and it can easily be 
dealt with in a procedure based on individual 
transfers, but would pass imnoticed in an automatic 
apparatus. For these reasons,, in spite of the great 
expenditme of time required, the use of a series of 


conical flasks has been adopted. They permit the 
use of any desired volumes and are thus ideal for 
preparative work. Separating funnels are more 
easily manipulated, but involve the danger of con- 
tamination with stopcock grease. Beroza (1951) 
prefers bottles to funnels for the same reason. 


EXPERIMENTAL 


The main experiment was carried out with the total ether- 
soluble fraction of the crude phospholipins from ox brain. 
It would, therefore, contain all those lipids based on glycero- 
phosphoric acid (except part of the fully saturated ones, e.g. 
dipalmityl lecithin), but should be almost free from sphingo- 
lipins. Subsidiary trials, for comparative purposes, were 
made with smaller amounts (about 7 g. each) of crude 
preparations of (a) phosphatidyl choline, (6) phosphatidyl 
ethanolaraine and (c) phosphatidyl serine. Preparation (o) 
contained much (6), (6) contained minor amounts of (a), and 
(c) contained a little (6). Preparations (6) and (c) were made 
by the method of Folch (1949) from the ‘kephaUn'’ of mi-ved 
ox brain and spinal cord lipids. All products contained 
plasmalogen, a constituent which seems to have been 
ignored by Folch (cf. also Klenk & Bohm, 1951). They were 
free from acetone-soluble lipids but had not been purified by 


dialysis. . 

Ox-brain glycerophosphatide (120 g.) was dissolved in 
300 ml. of light petroleum saturated with 85 % (v/v) 
ethanol in the first of a series of twenty conical flasks, the 
other flasks likewise containing 300 ml. of light petroleum 
saturated with 85 % ethanol. Batches of 300 ml. of 85 /o 
ethanol saturated with light petroleum were passed in 
succession through the train of flasks, with thorough 
at each stage. Transfer from flask to flask was effected y 
suction. The successive ethanol extracts were removed as a 


leries of fractions from the end of the series, the 
lorresponding roughly to elution chromatography. c 
iperation was continued until the weight of lipid in eac 
raction was very small and only a small proportion o c 
iotal lipid remained in the petroleum phase. This gave -- 
fluted fractions accounting in all for 93-3 % of the o a 
naterial. The contents of each petroleum fraction we 
leparately recoverpd, giving a further 20 fractions con 
;aining the remaining 6-7 % of the original lipid. 

The supplementary trials with crude phosp a i 
ierine and crude phosphatidyl ethanolamine were run m 
lame manner, using 100 ml. batches of each solven p 
n a series of twenty conical flasks, except that on y 
sthanol fractions were run through the train in t e o 
lase and, inadvertently, 19 instead of 20 
atter. The eluted material amounted to 83-3 % o , j_ 

"or phosphatidyl serine and 69 % for phosphatidy e 
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amine. The crude phosphatidyl choline was treated differ- '^Waelsoli'*fl948^), involves a simpler 

ently. It was partitioned between batches of 100 ml. each Ehrhc , y observintr the progress of separation 

otL^h._p.W.u. .nd 900/. „„ .th.nol m . ..Ho. o .. 


SJi. /y 

sixteen flasks, but no fractions were run off at the end of the 
series. Instead, the ethanol phases were allowed to remain 
successively one flask nearer the first in the series, until aU 
flasks contained both phases. Then the entire contents of 
each flask were recovered as a single fraction. This corre- 
sponds to development of a chromatogram until the solute 
just reaches the bottom of the column, followed by cutting of 
the column into sections for extraction. 


teohmqueaaequaieiorouacdviiifi , 

among a large number of fractions. CHCI3 was used instead 
of amyl alcohol as the extractant, since it gives much lower 
blank values. Comparison was against a standard of pure 
palmitaldehyde, used as such and not as its gly<=er^ 
Palmitaldehyde was kindly supplied by IVIr G. I. Grepry, 
of the Department of Organic Chemistry, Umversity of 
Bristol. Phosphorus was determined on certain fractions, 
using Allen’s (1940) method. 


Pig. 1. 



Ethanol phase in the distribution of crude ox-brain glycerophosphatides between light petroleum and aqueous 
ethanol. All curves pass through experimentally determined values for every fraction. 


All fractions were examined for choline, ethanolamine, 
serine and plasmals (higher fatty aldehydes). Inositol was 
not determined. Paper chromatography (ChargafF, Levine 
& Green, 1948; Brante, 1948) was used for qualitative 
examination of the bases present. Choline was determined 
after refluxing for 2 hr. with ethanolic 0'5 n-KOH, followed 
by addition of water, acidification with HCl, removal of 
fatty acids with ether and evaporation of the aqueous 
solution to dryness on the steam can under vacuum, to 
remove excess HCl. The residue was made up to known 
volume with water (saturated with CHCl, to prevent 
microbial destruction if any appreciable delay should occur) 
and the choline estimated by Glick’s (1944) method, com- 
bined with the use of Beattie’s (1936) aqueous reineckate 
solution and Winzler & Meserve’s (1945) ultraviolet ab- 
sorption technique. Ethanolamine and serine were deter- 
mined after refluxing for 6 hr. with 6 n-HC 1, removal of 
fatty acids \vith ether, evaporation to dryness and solution in 
water to known volume as for choline. The ethanolamine 
and serine content was then determined by a combination of 
the methods of Artom (1945) and Burmaster (1946), per- 
mutit being replaeed by the synthetic resin Zeo-Karb 215. 
Plasmals were determined by the method of Feulgen & 
Biochem. 1952. 51 


RESULTS AND DISCUSSION 

Fig. 1 shows the results obtained for the 62 fractions 
of the ethanol phase of the ox-brain glycerophos- 
phatides, for yield (percentage of total ethanol- 
phase lipid) and content of the three nitrogenous 
components and of plasmals, all expressed as per- 
centages. Fig. 2 shows similar results for the 20 
fractions of the petroleum phase, except that serine 
and ethanolamine have been given as total amino 
base. This was predominantly ethanolamine. The 
results obtained on the crude phosphatidyl choline 
are shown in Fig. 3, those for the ethanol phase of 
crude phosphatidyl ethanolamine in Fig. 4 and for 
the petroleum phase of the same fractionation in 
Fig. 5. Fig. 6 shows the data obtained on the 
ethanol phase of the crude phosphatidyl serine, 
most of the petroleum phase fractions being too 
small for analysis. In Figs. 1 and 4 the plasmal scale 
IS half that for the other components, hut in the 
other diagrams it has proved convenient to use the 


30 
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same scale for all components. To facilitate com- 
parison of the various Figures, fraction numbering 
in all cases has been arranged so that number 1 
represents the fraction most preferentially soluble in 
the ethanol phase. 



Fig. 2. Petroleum phase ia the distribution of crude ox- 
brain glycerophosphatides between light petroleum and 
aqueous ethanol. AU curves pass through experimentally 
determined values for every fraction. 



Fig. 3. Combined phases in the distribution of crude 
phosphatidyl choline between light petroleum and 
aqueous ethanol. All curves pass through experimentally 
determined values for every fraction. 

Considering first the main experiment, the 
fraction-yield curve in Fig. 1 indicates a whole 
series of overlapping fractions and various changes 
in appearance of the fractions also suggest a com- 
plex distribution pattern. Fractions 1 and 2 were 


^952 

deep orange in colour and only semi-solid at room 
temperature. Fraction 3 was a little paler and more 
solid. Fractions 4-7 were yellow and quite firm 
solids, fractions 8-12 were cream-coloured firm 
solids, fractions 13 and 14 were yellow soft semi- 



Fig. 4. Ethanol phase in the distribution of crude phos- 
phatidyl ethanolamine between light petroleum and 
aqueous ethanol. All curves pass through experimentally 
determined values for every fraction. 



Ethanol-soluble Fraction no. >- Petroleum-soluble 

Fig. 6. Petroleum phase in the distribution of crude 
phosphatidyl ethanolamine between light petroleum an 
aqueous ethanol. All curves pass through experimen y 
determined values for every fraction.' 

solids, fraction 15 was again cream coloured and 
somewhat firmer, fractions 16-57 were 
coloured firm solids and fractions 58-6 "wer 
yellowish browm firm solids. 
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As might be expected from the known solubility 
properties of the phospholipins, phosphatidyl 
choline is removed by the ethanol preferentially to 
most of the other constituents, but the curve 
indicates the presence of derivatives of considerably 
different partition coefficients, varying presumably 

in fatty acid components. Some of these, e.g. the _ 

small proportion of the total phosphatidyl choline present work was completed it had not teen re- 
represLted by fractions 30-37, are markedly have a base other 


of the order of 2-5%. The plasmal curve covering 
these same 22 fractions shows evidence of more than 
one plasmalogen, presumably involving a different 
aldehyde. There is considerable discrepancy in the 
Kterature as to the range of aldehydes present in 
brain plasmalogen (Thannhauser, Boncoddo & 
Schmidt, 1951; Leupold, 1950). At the time the 


different from the main fraction represented by 
fractions 1-7. Phosphatidyl choline is not com- 
pletely extracted until fraction 49. 



Fig. 6. Ethanol phase in the <hstribution of crude phos- 
phatidyl serine between light petroleum and aqueous 
ethanol. All curves pass through experimentally deter- 
mined values for every fraction. 

Pigs. 3 and 4 likewise show the early extraction of 
phosphatidyl choline by the ethanol. The lipid 
preparations in question had, of course, already 
been separated on the basis of relative solubility in 
ethanol, and as the starting material (mixed brain 
and spinal cord as against brain only) was also 
different, the curves would not he expected to 
duplicate very closely those in Pig, 1. It may be 
significant that the long tail-off in the extraction of 
phosphatidyl choline appears in Pig. 4 for the less 
ethanol-soluble preparation, but is not seen in 
Pig. 3. On the other hand. Pig. 3 shows evidence of 
at least two phosphatidyl cholines, one represented 
by fractions 1-4, and one by fractions 6-7. These 
may well correspond to fractions 1-12 and 13-18 
respectively in Pig. 1. 

It might be expected that the curve for ethanol- 
amine would be particularly complex, since this 
base is present in two lipid classes, phosphatidyl 
ethanolnmine and plasmalogen. In Pig. 1, from 
fraction 1 to about fraction 22, the ethanolamine 
curve shows violent fluctuations, with indications of 
some largo main fractions, e.g. fractions 13-22 
inclusi^'•e. In these first 22 fractions, apart from the 
earliest ones and, apparently, fraction 17, the 
ethanolamine is derived from both the above types 
of phospholipin. A plasmal content of 7-5 %, about 
tho mean level of fractions 8-22, would account for 
an ethanolamine content of about 1-8%, whereas 
tho total ethanolamine content of these fractions is 


ported that plasmalogens may have a base other 
than ethanolamine, but some of the results, 
discussed later, suggest that this must be the case. 
A very recent paper by Klenk & Bohm (1951) 
provides evidence for a plasmalogen containing 
serine instead of ethanolamine. In spite of the rela- 
tively inaccurate technique, there are clearly three 
distinct plasmalogen fractions represented roughly 
by fractions 1-11, 12-17 and 18-22 respectively. 

From fractions 23 to 44 inclusive, the ethanol- 
amine curve shows only small fluctuations, some 
within the limits of experimental error. Over this 
same range of fractions, the plasmal . curve climbs 
steadily to a roughly constant level of 17 %, which 
is then maintained from about fractions 42 to 51. 
Some of the peaks and depressions in the plasmal 
curve over the fraction range 23-44 can be corre- 
lated with similar features in the ethanolamine 
curve, e.g. the drop in both curves for fractions 35 
and 36, but many of the smaller irregularities in the 
plasmal curve may be due to experimental error. 
A plasma! level of 17% requires about 4% of 
ethanolamine, fully as much as the total present. 
Although the estimation of natural plasmalogen 
against free palmitaldehyde is not likely to give an 
accurate figure for the plasmal content of the 
fractions, its approximate correctness was con- 
firmed by estimation of the acetone-soluble lipid 
set free when an ether solution of the fraction was 
emulsified with a solution of mercuric chloride, 
which rapidly breaks the acetal linkage in plas- 
malogen (Feulgen, Imliauser & Belrrens, 1929). 

From fraction 45 onwards the ethanolamine 
curve again shows considerable fluctuations with 
evidence of at least three main components : fractions 
45-48, 49-57 and 68-62 respectively. Some 
fractions show trends in the ethanolamine curve 
in this range corresponding to similar trends in 
the plasmal curve, e.g. the very low value for 
fraction 57, but most of them are entirely un- 
coimected, e.g. the ethanolamine peak at fraction 
54 is associated with a pronoimced minimum on the 
plasmal curve. There is, rather, evidence in fractions 
46 to at least 57 of the occurrence of phosphatidyl 
ethanolamines different from those of fractions 
1-22, a point referred to again in considering the 
serme curve. The plasmal curve shows clear evi- 
dence of more than one fraction over this later 
range, the minimum between fractions 51 and 58 
being outstanding. 


30-2 
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The results on crude phosphatidyl choline (Fig. 3) 
show a much closer parallelism between the 
distribution of plasmalogen. and ethanolamine. 
They agree with Fig. 1 in suggesting more than one 
plasmalogen (fractions 1-4, 5-14, 15 and 16). Again 
it is in the earlier fractions that the highest ratios 
of phosphatidyl ethanolamine to plasmalogen are 
foimd. At the peak of the plasmal curve there is 
still a considerable excess of ethanolamine (4%) 
over that required by the plasmal (about 2-4 %), but 
at fraction 16 the ratio of plasmal to ethanolamine is 
just right for plasmalogen. 

In Fig. 4, representing a relatively less ethanol- 
soluble lipid than Fig. 3, there is evidence of two 
plasmalogens, the plasmal curve corresponding 
fairly well to the later part of that in Fig. 1 (from 
fraction 17 onwards). The ethanolamine curve does 
not rim parallel with it and, as in the other cases, 
ethanolamine differs from choline in not showing 
any tendency to elimination as fractionation pro- 
ceeds. Fig. 4 emphasizes that lipids rich in ethanol- 
amine tend to be rich in plasmalogen, but it also 
provides direct evidence that not all this plasmal can 
be present in ethanolamine-containing plasmal- 
ogen. Some of the fractions contain about 36 % of 
plasmal, requiring about 8-6% of ethanolamine, 
whereas only 5% is present. At fraction 16 the 
ratio of the two substances is about right for the 
accepted plasmalogen structure. In the earlier 
fractions there is a great excess of ethanolamine, 
obviously present as phosphatidyl ethanolamine. 

In the partition of the crude phosphatidyl 
ethanolamine the process was not carried near to 
completion, and Fig. 4 should be compared with the 
early part of Fig. 5. For fractions 1-7 (Fig. 5) the 
plasmal content of about 20 % requires about 4-8 % 
of ethanolamine, near to the 4-5 % which is present. 
The later fractions in Fig. 5, however, tell a different 
story. They contain 10-15 % of plasmal, requiring 
about 3% of ethanolamine, whereas only about 
1 % is foimd. 

The crude phosphatidyl serine. Fig. 6, contains 
very little plasmalogen, and where ethanolamine is 
present it is more than adequate to account for the 
plasmal. But in one or two fractions no ethanol- 
amine at all could be detected, yet plasmal in about 
the same amount as in the neighbouring fractions 
was still present. 

The serine curve in Figs. 1 and 6 resembles the 
ethanolamine curve in being extended over the full 
range of fractions. In Fig. 1 it shows only minor 
fluctuations from fractions 1 to 17, though with a 
definite minimum in fractions 11 and 12, after 
which there is a sudden increase followed by a fairly 
general rise with minor fluctuations to fraction 44. 
From here until fraction 57 the serine curve exhibits 
a series of abrupt rises and falls rivalling those of 
ethanolamine over the same fraction range, the 
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two curves being sometimes in phase and sometimes 
out of phase. In general, the similar behaviour 
of phosphatidyl ethanolamine and phosphatidyl 
serine is not surprising, in view of the extreme 
difficulty in separating these lipids by the classical 
methods. The curves in Fig. 1 suggest that they have 
a similar assortment of fatty acids and that both 
contain representatives, appearing in fractions 45 
onwards, 'considerably different in fatty acid 
composition from those appearing in the earlier 
fractions. Klenk & Bohm (1951) emphasize the 
complex range of fatty acids present in both phos- 
patidyl ethanolamine and phosphatidyl serine, but 
report great differences in this respect between the 
two lipids. However, they mention that inter- 
mediate fractions, discarded in the preparation of 
purified fractions, may have influenced this. It was 
noted that fractions 45-62 (especially fractions 
60-62) were much more slowly broken down by acid 
hydrolysis than were all the earlier fractions. Tlie 
generally slower rise of the serine curve until it meets 
the ethanolamine curve at fraction 45 is in line with 
the relative solubilities of the two lipids in ethanol 
(Folch, 1948). 

. The serine curve in Fig. 6 exhibits a steep initial 
rise instead of the long slow rise in Fig. 1. There are 
several peaks and depressions, the agreement 
between Figs. 1 and 6 showing that there must be 
a niunber of phosphatidyl serines, differing in their 
fatty acid components. 

In all cases the combined derivatives of choline, 
ethanolamine and serine can account for only a 
portion of the total fraction, e.g. ranging for Fig. 1 
from 48 to 89 %, with a value of about 60 % for the 
majority of the fractions. Phosphorus determina- 
tions, made on every fifth fraction in Fig. 1, ranged 
from 2-0 to 3-7 %, with most in the range 2'5-3'5%> 
thus corresponding quite well with the values 
obtained from the nitrogenous derivatives. Part 
of the balance in some fractions may consist 0 
inositol lipids, but a much greater factor seems to be 
the presence of lipids of the wax ester type. All t le 
fractions in Fig. 1 yield appreciable amounte 
(ranging from 3 to 15 %, with the lowest values m 
the early fractions) of unsaponifiable matter, y 
ether extraction of alkaline hydrolysates. Accortog 
to Feulgen et al. (1929) the acetal linkage of plas- 
malogen is completely resistant to 5 hr. boiling wi 
5 % aqueous sodirnn hydroxide, and ether extrM 
tion of the solution should leave the aldehyde in t e 
aqueous layer as the sodium salt of plasmalogema 
acid. In the author’s laboratory, where ethano i® 
0-5N-potassium hydroxide is routinely use ® 
alkaline hydrolysis, it has been found that 
variable amounts of plasmal are set free m - 
refluxing. Accordingly, unsaponifiable matter i 
been determined after removal of plasma 
mercuric chloride. The unsaponifiable matter ro 
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all fractions had a similar appearance, being a soft 
paste at room temperature and a mobile liquid 
■when -warm. It had an iodine value ranging from 
70 to over 100 in the various fractions. The total 
product -was submitted to fractional distillation at 
0-1 mm. pressure, but only a few drops distilled 
over the range 120 — 180°, when distillation was 
stopped. Distillate and residue were recombined 
and acetylated. The product had a saponification 
equivalent of 411-3, corresponding approximately 
to the acetate of a Cjs monohydrio alcohol. There 
would almost certainly he a mixture of homologues 
present, probably those of an even munber of 
carbon atoms. Such alcohols, presumably esterified 
with fatty acids, do not seem to have been reported 
previously in the crude phospholipin fraction of ox 
brain. 

Turning to Fig. 2, and comparing it with Fig. 6, it 
can be seen that the greater part of the material 
recovered from the petroleum phase has remained 
virtually unmove'd by the ethanol. Following the 
initial fractions containing material closely re- 
sembling the final fractions of the ethanol phase, 
especially marked in the incomplete procedme 
represented in Fig. 5, there is a long run of very 
small fractions and then an abrupt rise. 

The natme of the last few fractions is obscure. 
In Fig. 2 appreciable amoimts of choline are shown, 
which cannot be present as phosphatidyl choline. 
The obvious suggestion would be small amormts of 
sphingomyelin but these fractions do not have the 
solubility properties of sphingomyelin. They are 
firm solids readily soluble in cold ether or light 
petroleum. They are quite insoluble in ethanol. 
They also contain appreciable amounts of plasmal 
and ethanolamine. It should be noted that they 
accoimt for only a very small proportion (less than 
0- 5 %) of the total for the crude glycerophosphatides 
of ox brain, but considerably more — about 8 % — 
of the crude phosphatidyl ethanolamine of the 
mixed brain and spinal cord. The very small 
fractions covering the long flat minimum of the 
petroleum phase-yield curve are different again, 
being soft gummy products which become liquid 
on warming. 

It seems clear that such a complex mixture as the 
total glycerophosphatides of ox brain requires a far 


longer fractionation chain than 20 umts to effect 
sharp separation of major constituents, and that 
even imder the best conditions there would be poor 
separation of some of them, e.g. of serine-containing 
from ethanolamine-containing lipids, unless other 
solvent pairs should give better results . However, in 
Fig. 1, fractions 1-20 contain most of the phos- 
phatidyl choline -with relatively small proportions of 
lipids containing serine and ethanolamine . Fractions 
30-45 should give a fraction consisting mainly of 
plasmalogen and phosphatidyl serine, and fractions 
58-62 should contain an even purer plasmalogen. 
When it is remembered how markedly phospho- 
lipins influence the solubility properties of other 
phospholipins it is not surprising that sharp separa- 
tion is not achieved by the relatively simple fraction- 
ation procedure used in these experiments. 

SUMMARY 

1. The crude glycerophosphatides of ox brain, 
and crude preparations of phosphatidyl choliue, 
phosphatidyl ethanolamine andphosphatidylserine, 
have been partitioned between aqueous ethanol and 
light petroleum, employing the technique of 
counter-current distribution. 

2. The results suggest a useful degree of separa- 
tion of phosphatidyl choline from similar lipids 
containing ethanolamine and serine and of plas- 
malogen from lipids other than phosphatidyl serine. 
Separation of phosphatidyl ethanolamine from 
phosphatidyl serine is poor. 

3. There is evidence that the plasmalogens are a 
complex group which may include derivatives with 
a base other than ethanolamine, as -well as a range 
of aldehydes. The glycerophosphatides containing 
choline, ethanolamine and serine all show evidence 
of multiplicity of fatty acid composition. 

4. The crude phospholipins of ox brain contain 
substances not so far classifiable, including choline- 
containing lipids different from lecithin and sphin- 
gomyelin, appreciable amounts of what appear to be 
wax esters, and gummy lipids of unknown compo- 
sition. 

This work has been carried out as part of the programme 
of the Food Investigation Organization of the Department of 
Scientific and Industrial Research. 
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The starting point of this investigation was the 
report of Davidson & Waymouth (1944) that white 
matter of the brain of the sheep contained a higher 
concentration of protein-bound phosphorus, i.e. 
phosphorus remaining after removal of lipid 
phosphorus and acid-soluble phosphorus, than grey 
matter. If most of this protein-boxmd phosphorus 
were present as nucleic acid, there remained the 
possibility that nucleic acid might be an important 
constituent of the myelin sheath of a mammalian 
nerve fibre. Since no nucleic acid can be detected in 
the myelin sheath by the usual histochemical 
means, it seemed worth while to investigate the 
matter further. Attempts were made to estimate 
the concentration of deoxypentosenucleic acid 
(DNA) and pentosenucleic acid (PNA) in different 
parts of the nervous system by two methods at 
present widely used, that of Schmidt & Thahn- 
hauser (1945) and that of Schneider (1945). 
Although recovery experiments showed that added 
DNA, PNA, or mixtures of the two, could be re- 
covered quantitatively from brain extracts by 
either method, it soon became apparent that the two 
methods gave widely diverging results when they 
were applied to white matter and grey matter of 
brain and to peripheral nerve. 

It was decided, therefore to investigate the 
validity of these methods for tissue from the nervous 
system. The conflicting results are due, in part, to 
the presence of considerable amoimts of a phos- 
phorus-containing compotmd in brain and spinal 
cord, particularly in the myelin-rich white matter. 
The phosphorus of this compoimd is not removed by 
ice-cold 10% (w/v) trichloroacetic acid (TCA) nor 
is it removed by the usual ethanol-ether treatment 
for the extraction of lipids. This substance is 
probably the same as the inositol-containing 


trypsin-resistant hpid-protein complex isolated 
from white matter by Folch & Le Baron (1951). 
Dr J. Folch, McLean Hospital, Waverley, Mass., in 
experiments as yet unpublished, has obtained 
results similar to those reported here. 

In addition, it is shown that TCA extracts of 
brain and nerve tissue, prepared as described by 
Schneider (1945), contain chromogenic material 
that interferes with the colour reactions of Dische 
(1930) for DNA and Mejbaum (1939) for PNA. 
Folch (1951) suggests that this interference maybe 
caused by traces of the complex lipid substance, 
strandin, isolated from brain by Folch, Arsove & 
Meath (1951). A preliminary account of these 
experiments has already appeared (Rossiter, Logan 
& Mannell, 1951). 

METHODS 

Standards 

The same DNA and PNA standards were employed through- 
out this work. Results obtained for each of the methods are 
comparable inasmuch as they are aU given in terms of the 
content of these standards. The DNA standard was a 
paration of calf sodium thymonucleate prepared by c 

Table 1. Absorption characteristics and phosphonis 

content of standard preparations of DNA and PR 


Aiax. 

e(P) 

Aiai. 

e(P) 

(mp.) 

nt Aiax. 

(mp.) 

at 

DNA 259 

7300 

230 

2900 

PNA 258 

9300 ■ 

228 

3500 


method of Mirsky & Pollister (1942), and kindly provided 
Dr G. C. Butler, Department of Biochemistry, Univereity 
Toronto. The PNA standard was a preparation of y®® . 
sodium ribonucleate selected from a number of I-' u 

preparations examined. Table 1 shows that the absorp 1 
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characteristics and P content of the standards are in good 
agreement ■with the published figures for DNA and PNA 
(Stimson & Reuter, 1946; Di Carlo & Schultz, 1948; Blout & 
Fields, 1949 ; Chargaff et al. 1949, 1950). 

The symbol e (P) is used for the atomic extinction 
coefficient ■;vith respect to P as defined by Chargaff & 

30-98 R ,• „ . 

Zamenhof (1948), i.e. e(P)= — i^vhere E is the 

extinction (log I„/I), c is the concentration of P in g./l. and I 
is the thickness of the absorbing layer in cm. The value of 
e (P) at is a little greater than that given by Chargaff 
et al. (1949). The value of e (P) probably depends upon the 
degree of polymerization of the sample (Chargaff et al. 
1950). For samples of thymus DNA, presumably less 
highly polymerized, Stimson & Reuter (1945) and Blout & 
Fields (1949) reported much higher values of e (P). 


matter "was chiefly corpus caUosum. The sciatic nerve of the 
cats ■was rapidly cleaned of adherent fatty and epineural 
connective tissue and the whole nerve frozen and ground to 
a powder as described for the dog brain. 

Analytical methods 

For each tissue two pairs of duplicate samples of the 
frozen powder (100—200 mg.) were transferred to tared 
centrifuge tubes and the tubes reweighed. After the re- 
moval of acid-soluble P (I) and lipid P (II), as described by 
Schneider (1945), each pair of duplicate samples was sub- 
mitted to either the Schmidt-Thannhauser or Schneider 
procedure as outlined in Table 2. One pair was hydrolysed 
for 18 hr. at 37° in n-KOH. The hydrolysate was divided 
into two portions, one of which was used for the determina- 
tion of total P (III) and the other for the precipitation of the 


Table 2. Scheme outlining determinations 


Tissue 

I 


Duplicate samples 
(Schmidt & Thaimhauser, 1945) 


10% TCA 


Duplicate sample.s 
(Schneider, 1945) 


Acid-soluble P 

(I) 


Residue 

Ether-ethanol 


10% TCA 


Acid-soluble P 

(I) 


Lipid P 

( 11 ) 


Rekdue 


n-KOH at 37° 
for 18 hr. 


Hydrolysate 


Total P 
(HI) 


Acidification 


Supernatant 


Residue 


Total P 
(IV) 


Ort 

(V) 


Jio-P 


5% TCA 
at 90° 
for 15 min. 


TCA extract 

Total P Ultraviolet absorption 
(VI) (ITI) 


Residue 


Residue 

Ether-ethanol 


Lipid P 

( 11 ) 


Residue 


TCA extract 


5% TCA 
at 90° 
for 16 min. 


Residue 

Total P 
(XII) 


Preparation of tissue 

Estimations were done on the white matter and grey 
matter of the brains of six dogs and on the sciatic nerves of 
six cats. The animals were anaesthetized ■with nembutal, 
bled, and the brain or sciatic nerve removed as soon as 
possible after death. Samples of brain tissue (0-5-1 g.) were 
frozen in liquid Xj and ground to a fine powder m a mortar. 
Tlio sample of grey matter consisted of thin shavings of 
cortex from the cerebral hemispheres. The sample of white 


Dische (1930) 

(VIH) 

Mejbaum (1939) 

(IX) 

Total P 
(X) 

Ultraviolet absorption 
(XI) 

DNA with 6N-HC1 and 5% (w/v) TCA. The DNA wai 
removed by centrifuging. One portion of the supematam 
was used for the determination of total P IJV) and anothe 
for the determination of the ortho-P (V) by the modificatioi 
of the method of Berenblum & Chain (1938) described bv 
Lmster, Zetterstrom & Lindberg (1950). The precipitatec 
DNA was extracted with 5 % (w/v) TCA for 15 min. at 90° 
as described by Schneider (1946). The total P was estimatec 
m one portion of the extract (VI) and the DNA was esti 
mated by ultraviolet absorption (VJJ) in another. Detafi, 
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of this method are given in the Appendix. The residue 
remaining after the extraction of the DNA contained a 
negligibly small concentration of P. 

The other pair of dupUeate samples from which the acid- 
soluhle P and lipid P had been removed was treated with 5 % 
(w/v) TCA for 15 min. at 90°, as described by Schneider 
(1945). Portions of the TCA extract were used for the 
determination of DNA hy the diphenylamine reaction of 
Dische (1930) (VIII), for the determination of PNA by the 
orcinol reaction of Mejbaum (1939) (IX), for the determina- 
tion of total P (X), and for the determination of total 
nucleic acid by the method of ultraviolet absorption 
described in the Appendix (XI). A total P estimation was 
also done on the residue remaining after the TCA extraction 
(XH). 

All fractions were made up in volumetric flasks, and 
portions containing 10-20 /xg. P were taken for each P 
determination. Total P was estimated by the method of 
King (1932). The colour was read in a Coleman Universal 
spectrophotometer at 650 mp. The diphenylamine and 
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for the lipid P of white matter and grey matter of 
dog brain and cat sciatic nerve are of the same order 
as those reported for similar mammalian tissues 
(see Johnson, McNabb & Rossiter, 1948, 1949, for 
references). It will be noted that, as originally 
pointed out by Davidson & Waymouth (1944), the 
concentration of protein-bound P in white matter 
exceeds that in grey matter. 

Table 4 compares the concentration of total 
nucleic acid determined by the Schmidt-Thann- 
hauser method with that determined in the 
Schneider TCA extract by (o) the colour reactions, 
(b) the total P, and (c) the ultraviolet-absorption 
method. The values obtained by the Schmidt- 
Thannhauser method are all greater than those for 
the total P in the TCA extract and these, in turn, are 
greater than the values for the ultraviolet-absorp- 
tion method. The greatest difference is in white 


Table 3. Distribution of phosphorus compounds in tissue from the nervous system 


(Mean±s.E.M. of six determinations, expressed as mg. P/100 g. wet tissue.) 


Acid-soluble P 
Lipid P 

Protein-bound P 
Total P 


Dog white 

Determination matter 


Dog grey Cat sciatic 

matter nerve 


I 

II 

in 

i-t-ii-hin 


74-5 ±4-2 
333 ± 14 
33-9±2-4 
441 ± 19 


79-5±3-l 
157 ± 6 
24-6 ±1-1 
261 ± 10 


52-0±2-l 
308 ± 23 
22-3±l-0 
382 ± 26 


Table 4. Total nucleic acid of tissue from nervous system 


(mg. P/100 g. wet tissue. Mean of six experiments±s.E.M.) 



Determination 

Dog white 
matter 

Dog grey 
matter 

Cat sciatic 
nerve 

Measured 

Schmidt & Thannhauser (1945) 

ni-v 

31-3±l-7 

23-8±0-6 

20-1 ±1-0 

DNA -t PNA + 
‘inositide P’ 

Schneider (1945), colour 
reactions 

VIII -f- IX 

21-1 ±2-5 

25-4±1-2 

14-9±1-1 

DNA-tPNA-t? 

Schneider (1945), phosphorus 

X 

18-8±2-5 

16-5±0-3 

14-0±l-5 

DNA-fPNA+ 

part of ‘inositide x 

Ultraviolet absorption 

XI 

10-7±0-5 

15-2±0-3 

10-2±0-5 

DNA -t PNA 


orcinol reactions were performed as described by Schneider 
(1945), the final readings being made at 600 and 655 m/x. 
respectively. Results are all presented in terms of the P 
content of the standard solutions. 

RESULTS 

Comparison of methods 

Table 3 shows the concentration of aeid-soluble P, 
lipid P and protein-boimd P in the white matter and 
grey matter of dog brain and the sciatic nerve of the 
cat. Tliese values agree in most respects ■with those 
reported for the brain and nerve of the monkey by 
Bodian & Dzie-wiatkowski (1950), and for the 
sciatic ner%^e of the guinea pig by Samuels et al. 
(1951). The concentration of lipid P in white matter 
is more than t'wice that in grey matter. The figures 


matter and the least in grey matter. The values 
given by the colom reactions are also considerab y 
higher than those given by the method of ultra 
violet absorption. 

Tables 5 and 6 give the values obtained for t e 
concentration of DNA and PNA by a number 0 
different methods. For all three tissues ? 
good agreement between the figures for D 
obtained by the Schmidt-Thannhauser method, ® 
modification of this method described by 
(1946), and the ultra'violet-absorption method. ® 
only values that do not agree are those given _ 
diphenylamine coloiu’ reaction of Dische (1 
These are higher for all three tissues. 

It was with the PNA that the greatest differenc 
were found (Table 6). The values for the concen r 
tion of PNA obtained by the Schmidt-Thannhau® 


473 


NUCLEIC ACIDS OF THE NERVOUS SYSTEM 


Vol. 51 

method are all considerably greater than those 
obtained by the ultraviolet absorption method. The 
greatest difference is for white matter and the least 
is for grey matter. The values obtained by the 
orcinol colour reaction of Mejbaum (1939) are also 
slightly greater for all ftoee tissues (P<0-01, in 
each instance). Table 6 also gives the values of two 


extraction (XII), are greater than those found for 
the ‘phosphoprotein’ of Schmidt & Thaimhauser 
(1945), i.e. the ortho-P liberated on hydrolysis in 
N-potassium hydroxide at 37° for 18 hr. (V). The 
difference is again greatest for white matter and 
least for grey matter, with the sciatic nerve being 
intermediate. 


Table 5. DNA of tissue from, nervous system 
(mg. P/100 g. wet tissue. Mean of six experiments ±s.e.m.) 


Schmidt & Thannhauser (1945) 

Schmidt & Thannhauser (1945), modified 
hy Schneider (1946) 

Schneider (1945), colour reaction of Dische 
(1930) 

Ultraviolet absorption 

Table 6. PN A of tissue from nervous system 


Determination 

Dog white 
matter 

Dog grey 
matter 

Cat sciatic 
nerve 

Measured 

III -IV 

6-1 ±0-2 

4-5 ±0-2 

4-8±0-2 

DNA 

VI 

6-7 ±0-2 

4-7 ±0-3 

5-5 ±0-2 

DNA 

VIII 

14-2±2-l 

13-l±l-5 

• 6-6±0-6 

DNA-h? 

VII 

5-8±0-4 

4-9 ±0-4 

5-4±0-4 

DNA 


(mg. P/100 g. wet tissue. Mean of six experiments±S.E.M.) 



Determination 

Dog white 
matter 

Dog grey 
matter 

Cat sciatic 
nerve 

Measured 

Schmidt & Thannhauser (1945) 

ly-v 

25-2±l-6 

19-3 ±0-8 

14-3±0-8 

PNA-i- 

Schneider (1945), colour reaction 

IX 

6-9±0-4 

12-4±0-5 

7-9 ±0-7 

‘inositide P’ 

PNA -H ? 

of Mejbaum (1939) 

Combination I of Schmidt & 

IV -XII 

10-7±l-5 

ll-6±0-7 

8-1 ±1-0 

PNA -f- part of 
‘inositide P’ 

PNA + part of 
‘inositide P' 

PNA 

Thannhauser (1945), and 
Schneider (1945) 

Combination II of Schmidt & 

X-VI 

ll-0d:2-3 

lM±0-6 

6-8±0-5 

Thannhauser (1945), and 
Schneider (1945) 

Ultraviolet absorption 

XI -VII 

4-9±0-2 

10-3 ±0-4 

4-7±0-5 


Table 7. 'Phosphoprotein’ of tissue from nervous system 


(mg. P/100 g. wet tissue. Mean of six experimentsiS.E.M.) 



Determination 

Dog white 

Dog grey 

Cat sciatic 



matter 

matter 

nerve 

Measured 

‘Phosphoprotein’ of Schmidt 
& Thannhauser (1945) 

V 

2-6±0-2 

2-4±0-2 

2-2±0-2 

PP (‘ phosphopTo - 
tein’ phosphorus) 

‘Phosphoprotein’ of 
Schneider (1945) 

XII 

15-3±I-2 

7-7±0-6 

10-2±0-9 

-PP+part of 
‘inositide P’ 

‘Inositide P’ 

ni-(V-fXi) 

20-6±I-7 

8-3 ±0-4 

10-0±l-0 

‘Inositide P’ 

‘Inositide P’ 

(n^-v)-(xi-vii) 

20-3 

90 

9-6 

‘Inositide P’ 


frequently used estimates of the concentration of 
PNA obtained by combining the procedures of 
Schmidt & Thannhauser (1945) and Schneider 
(1945). For white matter and peripheral nerve the 
figures are greater than those obtained with the 
ultraviolet absorption method, but for grey matter 
the differences are not statistically significant 
(P = 0-2 and O-S, respectively). 

Table 1 shows that the values found for the 
concentration of ‘phosphoprotein’ of Schneider 
(1945), i.e. the phosphorus remaining after the TCA 


If it is assumed that the ultraviolet-absorption 
values are the more reliable, it is clear that the 
method of Schmidt & Thannhauser (1945), while 
giving a good estimate of the concentration of DNA, 
gives a gross overestimate of the concentration of 
PNA, especially for white matter and, to a lesser 
extent, for peripheral nerve. Both the colour 
reactions and the phosphorus estimations of 
Schneider (1945) also give results that are too high. 
A iMt as to the cause of some of these discrepancies 
IS that the values for the concentration of ‘phos- 
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phoprotein’ of Schneider (1945) are much greater 
than those obtained by the method of Sclunidt & 
Thannhauser (1945), especially for white matter 
(Table 7). It is clear that much of the phosphorus 
estimated as ‘phosphoprotein’ by the former 
method is measured as nucleic acid, probably as 
PNA, by the latter. It was decided, therefore, to 
investigate the extraction of nucleic acid by the 
Schneider procedure. 

Extraction of phosphorus by 5% {wfv) TO A at 90° 

The acid-soluble P and lipid P were removed from 
four pairs of duplicate samples of cat sciatic nerve 
and the residue was treated for periods of 5, 10, 15 
or 30 min., with 5 % (w/v) TCA at 90° as described 
by Schneider (1945). Fig. 1 shows that after 15 min. 



Fig. 1. Effect of time of heating with 5 % (w/v) TCA at 90°, 
on the values obtained for the concentration of total 
nucleic acid in cat sciatic nerve by three different methods. 
A — Ji , — colour reactions of Schneider (1945); 
• — • — •, total P of extract (Schneider, 1945); 
■ — ■ — S, idtraviolet absorption method. 

there was little increase in the concentration of 
nucleic acid in the extract, as measured by the colour 
reactions (ITII-flX) or ultraviolet absorption 
(XI), but that the total P in the extract (X) in- 
creased with time. At 15 min. (the usual time of 
extraction in the Schneider procedure) the values 
were relatively the same as those presented in 
Table 3. The figure for the colour reactions is the 
greatest, followed by that for the total P and the 
ultraviolet absorption, in that order. With an in- 
crease in the length of the extraction time, more 


1952 

phosphorus was removed without any corresponding 
increase in the ultraviolet absorption, or the value 
given by the colour reactions. It is clear that some 
phosphorus compoimd not possessing the character- 
istic ultraviolet-absorption properties of nucleic 
acid or nucleotides was extracted by the TCA. There 
would thus appear to be no justification for the 
common practice of designating all phosphorus 
removed by extraction with TCA for 15 min. as 
nucleic acid P, and the phosphorus remaining in the 
residue after this time as ‘phosphoprotein’ P. 

Fig. 2 gives the result of a similar experiment in 
which both the total P (X) and the ortho -P were 
measmed in the extract and the total P (XII) was 
measured in the residue. Only a small fraction of 
the phosphorus of the extract was orthophosphate. 
In other experiments, in which the time of the 
extraction was prolonged (2 hr. or more), the 
residue P tended to zero and the ortho-P in the 
extract tended to the value found for the Schmidt- 
Thannhauser ‘phosphoprotein’ (V). After the 
usual extraction of 15 min. there was negligible 
ortho-P in the TCA extract. 

Essentially similar results were obtained in a 
nmnber of other experiments with cat sciatic nerve 
and with both white matter and grey matter of dog 



Time (min.) 


Fig. 2. Effect of time of heating with 6% (w/v) TCA at 90° 
on the total P and ortho-P of the extract, and the total P 
of the residue of cat sciatic nerve from which the acid- 
soluble P and lipid P had previously been removed. 

#-♦, total P of extract; ortho-P of 

extract; A.-— A— A- I* residue. 

brain. With white matter more phosphorus was 
extracted by the TCA and the time necessary for 
complete extraction was longer. At 15 min. the 
value for the concentration of nucleic acid calcu- 
lated from total P was often of the same order as 
that calculated from the colour reactions, llith 
grey matter, on the other hand, the values given y 
the colour reactions were greater than those calcu- 
lated from total P. In no instance were we able to 
confirm the report of Samuels et al. (1951) that the 
concentration of nucleic acid determined by u tra 
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violet absorption agreed ’with the phosphorus 
values. With other tissues (e.g. pancreas and spleen) 
the agreement was good. 

V^ien the residue remaining after treatment witli 
5 % (w/v) TCA at 90° for 15 min. was subjected to 
the Schmidt-Thannliauser hydrolysis almost all the 
material passed into solution and only a further 
small quantity, containing negligible phosphorus, 
was precipitated when the solution was neutralized 
and TCA added to make the final concentration 5 %. 
Table 8 shows that very little of the phosphorus of 
the residue appeared in the hydrolysate as ortho- 
phosphate. The concentration of ortho-P was found 
to be similar to that obtained for the ‘phospho- 
protein’ of Schmidt & Thannhauser (1945) (V) in 
a parallel experiment. 

Table 8. Residue phosphorus of cat brain after 
extraction with 5 % {wjv) TGAfor 15 min. at 90° 

(mg. P/100 g. wet tissue.) 


Experiment 



i 

1 

2 

Total residue P (XII) 

8-2 

11-3 

After Schmidt & Thannhauser (1945) 
hydrolysis: 

Ortho-P 

. 3-2 

2-1 

Organic P 

5-0 

9-2 

‘Phosphoprotein’ of Schmidt & 

3'5 

2-3 


Thannhauser (1945) (V) 

Similar concentrations of ortho-P are thus ob- 
tained when tissue from the nervous system, from 
which the acid-soluble and lipid P has been removed, 
is {a) hydrolysed by the method of Schmidt & 
Thannhauser (1945), (6) subjected to prolonged 
extraction (longer than 2 hr.) with 5 % (w/v) TCA 
at 90°, and (c) treated with 5 % (w/v) TCA at 90° 
for 15 min. and the residue subjected to the 
Schmidt-Thannhauser hydrolysis. The origin of this 
phosphorus is obscme. Presumably it is derived 
from an acid-insoluble compound which, like 
casein, yields ortho-P on hydrolysis. This phos- 
phorus represents the ‘phosphoprotein’ of Schmidt 
& Thannhauser (1945) and will be referred to as PP. 

The phosphorus, some of which remains in the 
residue after extraction for 15 min. with 5 % (w/v) 
TCA at 90°, and which is slowly removed by further 
extraction, is undoubtedly determined as PNA in 
the Schmidt-Thannhauser procedure and pre- 
sumably causes the high values when PNA is 
determined by this method (Table 6). The substance 
responsible for these high PNA values interferes in 
the same way as the protein-boimd metaphosphate 
of yeast (Wiame, 1947, 1949; Schimdt, Hecht & 
Thannliauser, 1946). Protein-bound metaphos- 
phato was not found in animal tissues by Ebel 
(1949) or Davidson, Frazer & Hutchison (1951). 


However, a phosphorus compound with the 
requisite properties is the trypsin-resistant lipid- 
protein complex isolated from the white matter of 
calf brain by Folch & Le Baron (1951). This sub- 
stance, which contains inositol diphosphate, is not 
removed from brain tissue by the usual ethanol- 
ether extraction, and Folch & Le Baron (1951) state 
that all of the phosphorus of this compound appears 
as PNA in the method of Schmidt & Thannhauser 
(1945). Folch (1951) states that this substance 
occurs chiefly in white matter of brain, and he 
believes it to be part of the classical ‘neurokeratin’ 
described by Kiihne & Chittenden (1889) and 
thought to be a constituent of the myelin sheath of 
a mammalian nerve fibre. For further comments on 
the chemical nature of ‘neurokeratin’, see the 
paper byFolch&Lees(1951). The phosphorus of the 
protein-bound P (III) that cannot be accoimted for 
either as nucleic acid or as PP will be referred to as 
‘inositide P’. It should be stressed that there is no 
evidence that all such phosphorus is present in 
brain as inositide, although it is shown (see below) 
that this type of phosphorus compound occurs in 
much greater concentration in white matter than in 
grey matter. 

An estimate of the concentration of the ‘ino- 
sitide P ’ remaining after the removal of acid-soluble 
P and lipid P can be obtained by subtracting the 
sum of the values fotmd for the PP (V) and the total 
nucleic acid determined by ultraviolet absorption 
(XI) from the protein-bound P (HI). By sub- 
tracting the ultraviolet-absorption value for PNA 
(XII— VII) from the value obtained by the Schmidt- 
Thannhauser method (TV — V), another estimate of 
‘inositide P ’ can be obtained by a slightly different 
method. 

Table 7 gives the concentration of ‘ inositide P ’ 
determined by each of these methods. By far the 
greatest concentration is in the white matter of dog 
brain, where ‘ inositide P ’ accormts for two-thirds of 
the protein-bound P. The concentration in grey 
matter and cat sciatic nerve is considerably lower. 

Extraction of chromogenie material by 
5 % {wjv) TGA at 90° 

Fig. 3 shows the results of an experiment similar 
to that represented in Fig. 1 in which the colour 
reactions of Dische (1930) and Mejbaum (1939) 
were carried out on TCA extracts of eat sciatic 
nerve. The extraction times were from 5 to 60 min. 
Although it is shown in Fig. 1 that the total nucleic 
acid determined by the colour reactions did not 
increase when the extraction time was increased 
from 15 to 30 min.. Fig. 3 shows that after 15 min. 
the colour given by the diphenylamine reaction 
became less, and that given by the orcinol reaction 
became greater. These were consistent findings and 
were repeated in a niunber of similar experiments 
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phoprotein’ of Schneider (1945) are much greater 
than those obtained by the method of Schmidt & 
Thannhauser (1945), especially for -white matter 
(Table 7). It is clear that much of the phosphorus 
estimated as ‘phosphoprotein’ by the former 
method is measured as nucleic acid, probably as 
PNA, by the latter. It -was decided, therefore, to 
investigate the extraction of nucleic acid by the 
Sclmeider procedure. 

Extraction of phosphorus by 5% (w/v) TO A at 90° 

The acid-soluble P and lipid P were removed from 
foxir pairs of duplicate samples of cat sciatic nerve 
and the residue was treated for periods of 5, 10, 15 
or 30 min., -with 5 % (w/v) TCA at 90° as described 
by Sclmeider (1945). Fig. 1 shows that after 15 min. 



Fig. 1. Effect of time of heating with 5 % (w/v) TCA at 90°, 
on the values obtained for the concentration of total 
nucleic acid in cat sciatic ner\'e by three different methods. 
Jk. — Jk. — Jk’ colour reactions of Schneider (1945); 
9 — 9 — 9, total P of extract (Sclmeider, 1945); 
H — ■ — B, ultraviolet absorption method. 

there was little increase in the concentration of 
nucleic acid in the extract, as measmed by the colour 
reactions ("iTII -f IX) or ultraviolet absorption 
(XI), but that the total P in the extract (X) in- 
creased -with time. At 15 min. (the usual time of 
extraction in the Sclmeider procedure) the values 
were relatively the same as those presented in 
Table 3. The figure for the colour reactions is the 
greatest, followed by that for the total P and the 
ultraviolet absorption, in that order. With an in- 
crease in the length of the extraction time, more 


1952 

phosphorus was removed without any corresponding 
increase in the ultraviolet absorption, or the value 
given by the coloru- reactions. It is clear that some 
phosphorus compound not possessing the character- 
istic ultraviolet-absorption properties of nucleic 
acid or nucleotides was extracted by the TCA. There 
would thus appear to be no justification for the 
common practice of designating all pliosphorus 
removed by extraction with TCA for 15 min. as 
nucleic acid P, and the phosphorus remaining in the 
residue after this time as ‘phosphoprotein’ P. 

Fig. 2 gives the result of a similar experiment in 
which both the total P (X) and the ortho-P were 
measured in the extract and the total P (XII) was 
measured in the residue. Only a small fraction of 
the phosphorus of the extract was orthophosphate. 
In other experiments, in which the time of the 
extraction was prolonged (2 hr. or more), the 
residue P tended to zero and the ortho-P in the 
extract tended to the value found for the Schmidt- 
Thannhauser ‘phosphoprotein’ (V). Alter the 
usual extraction of 15 min. there was negligible 
ortho-P in the TCA extract. 

Essentially similar results were obtained in a 
number of other experiments -with cat sciatic nerve 
and with both white matter and grey matter of dog 



Time (min.) 

Fig. 2. Effect of time of heating -with 5 % (w/v) TCA at 90° 
on the total P and ortho-P of the extract, and the total P 
of the residue of cat sciatic nerve from which the acid- 
soluble P and hpid P had pre-viously been removed. 
• — • — •, total P of extract; ■ — ■ — ■, ortho-P of 
extract; ^ ^ total P of residue. 

brain. With white matter more phosphorus was 
extracted by the TCA and the time necessary for 
complete extraction was longer. At 15’min. the 
value for the concentration of nucleic acid calcu- 
lated from total P was often of the same order as 
that calculated from the coloiu" reactions. With 
grey matter, on the other hand, the values given by 
the coloiu- reactions -o'ere greater than those calcu- 
lated from total P. In no instance were we able to 
confirm the report of Samuels et al. (1951) that the 
concentration of nucleic acid determined by ultra- 
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phosphate. tL concentration of ortho-P was found described by Kuhne A Chittenden (188 J) ana 
to be similar to that obtained for the phospho- 
protein’ of Schmidt & Thannhauser (1945) (V) in 
a parallel experiment. 


Table 8. Residue phosphorus of cat brain after 
extraction with 5 % {wjv) TGAfor 15 min. at 90° 


(mg. P/100 g. wet tissue.) 


Experiment 



r ' 

1 

2 

Total residue P (XII) 

8-2 

11-3 

After Schmidt & Thannhauser (1945) 
hydrolysis: 

Ortho-P 

. 3-2 

2-1 

Organic P 

5'0 

9-2 

‘Phosphoprotein’ of Schmidt & 

3'5 

2-3 


Thannhauser (1945) (V) 

Similar concentrations of ortho -P are thus ob- 
tained when tissue from the nervous system, from 
which the acid-soluble and lipid P has been removed, 
is (o) hydrolysed by the method of Schmidt & 
Thannliauser (1945), (6) subjected to prolonged 
extraction (longer than 2 hr.) with 5 % (w/v) TCA 
at 90°, and (c) treated with 5 % (w/v) TCA at 90° 
for 15 min. and the residue subjected to the 
Schmidt-Thannhauser hydrolysis. The origin of this 
phosphorus is obscure. Presumably it is derived 
from an acid-insoluble compound which, like 
casein, yields ortho-P on hydrolysis. This phos- 
phorus represents the ‘phosphoprotein’ of Schmidt 
& Thannhauser (1945) and will be referred to as PP. 
The phosphorus, some of which remains in the 


described by Kiihne & 
thought to be a constituent of tho myelin sheath of 
a mammalian nen-e fibre. For further comments on 
the chemical nature of ‘neurokeratin’, see the 
paper hy Folch & Lees (1951). Tho phosphorus of tho 
protein-bound P (III) that cannot be accounted for 
either as nucleic acid or as PP will be referred to as 
‘inositide P’. It should be stressed that there is no 
evidence that all such phosphorus is present in 
brain as inositide, although it is shown (see below) 
that this type of phosphorus compound occurs in 
much greater concentration in white matter than in 
grey matter. 

An estimate of the concentration of the ‘ino- 
sitide P ’ remaining after the removal of acid-soluble 
P and lipid P can be obtained by subtracting the 
sum of the values found for the PP (V) and tho total 
nucleic acid determined by ultraviolet absorption 
(XI) from the protein-bound P (III). By sub- 
tracting the ultraviolet-absorption value for PNA 
(XI — VH) from the value obtained by the Schmidt- 
Thannhauser method (IV —V), another estimate of 
‘inositide P’ can be obtained by a slightly different 
method. 

Table 7 gives the concentration of ‘inositide P’ 
determined by each of these methods. By far the 
greatest concentration is in tho white matter of dog 
brain, where ‘ inositide P ’ accounts for two-thirds of 
the protein-bound P. The concentration in grey 
matter and cat sciatic nerve is considerably lower. 

Extraction of chromogenic material hy 
5 % [wjv) TGA at 90° 

Fig. 3 shows the results of an experiment similar 


reactions of Dische (1930) and Mejbaum (1939) 
were c^ied out on TCA extracts of cat sciatic 
nerve. The extraction times were from 6 to 60 min 
Although it is shown in Fig. 1 that the total nucleic 
acid determined by the colour reactions did not 
®^t^action time was increased 
from 16 to 30 mm., Fig. 3 shows that after 15 min. 
the colour given by the diphenylamine reaction 


TCA at 90°, and which is slowly removed by further 
extraction, is undoubtedly determined as PNA in 
the Schmidt-Thannhauser procedure and pre- 
sumably causes the high values when PNA is 
determined by this method (Table 6). The substance 
responsible for these high PNA values interferes in 
the same way as the protein-bound metaphosphate 
of yeast (Wiame, 1947, 1949; Schimdt, Hecht & 
Thannhauser, 1946). Protein-bound metaphos- 
phate was not found in animal tissues by Ebel 
(1949) or Davidson, Frazer & Hutchison (1951). 
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became less, and that given by the orcinol reaction 
became greater. These were consistent findings and 
™ repeated ia a „,.„.bet „f abniia, ,.pe“£e“s 
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with white matter and grey matter of dog brain as 
well as with cat sciatic nerve. 

The lower values for the diphenylamine reaction 
with extraction times greater than 15 min. were 
obtained with tissues other than nerve or brain, 
although the higher values given by the orcinol 
reaction were peculiar to tissue from the nervous 



Fig. 3. Effect of time of heating ■with 5 % (w/v) TCA on the 
values obtained for the concentration of total nucleic 
acid, DNA and PNA in cat sciatic nerve by the colour 
reactions. ^ total nucleic acid by addition; 
■ — ■ — ■, DNA by method of Dische (1930) ; • — • — •, 
PNA by the method of Mejhaum (1939). 

system. With extracts of brain or nerve the colour 
produced in the diphenylamine reaction was a blue- 
green rather than the clear blue of the DNA 
standard. With white matter the peak of the ab- 
sorption cmve of the colour complex was the same as 
that of the standard, but the curve was much 
flatter. Mhth grey matter the curve was greatly 
distorted and the peak was shifted to lower wave- 
lengths. When the reaction was carried out on DNA 
isolated by the Schmidt-Thannhauser method, the 


values obtained were similar to those given by total 
P (VI) or ultraviolet absorption (WI), and they 
were much lower than those obtained when the 
reaction was done on the Schneider TCA extract 
(^CCII). The absorption characteristics of the coloiir 
complex given by the isolated DNA appeared 
normal. In the orcinol reaction the green colour 
obtained with brain extracts appeared the same as 
that given by the PNA standard, and the character- 
istics of the absorption cxuve of the colour complex 
were similar. 

The results indicate that these two colom reac- 
tions are not suitable for estimating nucleic acid in 
TCA extracts of tissue from the nervous system. 

DISCUSSION 

It would thus appear that tissue from the nervous 
system contains at least two substances that in- 
terfere greatly with methods widely used for the 
determination of nucleic acids: (1) the ‘inositide P’ 
that is estimated as PNA by the method of Schmidt 
& Thannhauser (1945) and is measured, in part, as 
nucleic acid P by the method of Sehneider (1945), 
and (2) chromogenic material that interferes with 
both the diphenylamine reaction of Dische (1930) 
and the orcinol reaction of Mejbaum (1939). 
Table 9 summarizes the substances that would be 
measured in each of the determinations outlined in 
‘Analytieal methods’. In addition, some of the 
substances that would be measured in each of the 
estimates of total nucleie aeid, DNA and PNA and 
‘phosphoprotein’ given in Tables 4—7, can be found 
in the last column of the tables. 

No attempt was made to determine whether a 
phosphorus compound similar to that which gives 
rise to the ‘inositide P ’ occurs in tissues other than 
those of the nervous system. The experiments of 
Davidson et al. (1951) would suggest the possibility 


Table 9. Substances estimated in each of the determinations outlined in 'Analytical methods' 


Determination 

Pre'viously assumed 

Estimated 

I 

Acid-soluble P 

Acid-soluble P 

11 

Lipid P 

Lipid P 

ni 

DNA -f PNA -l-‘ phosphoprotein’ of Schmidt & 
Thannhauser (1945) 

DNA -t PNA -t PP -f ‘ inositide P ’ 

IV 

PNA -(-‘phosphoprotein’ of Schmidt & 
Thannhauser (1945) 

PNA -1- PP -t ‘ inositide P ’ 

V 

‘Phosphoprotein’ of Schmidt & Thannhauser 
(1945) 

PP 

VI 

DNA of Schmidt & Thannhauser (1945) 

DNA 

VII 

DNA by ■ultraviolet absorption 

DNA 

VIII 

DNA by Dische (1930) diphenylamine reactions 
(Schneider, 1945) 

DNA-)-? 

IX 

PNA by Mejbaum (1939) orcinol reaction 
(Schneider, 1945) 

PNA-)-? 

X 

DNA -I- PNA by phosphorus (Schneider, 1945) 

DNA -f PNA -(-part of ‘inositide’ 

XI 

DNA -f- PNA by ultra^violet absorption 

DNA -(-PNA 

xn 

‘Phosphoprotein’ of Schneider (1945) 

PP + part of ‘ inositide P ’ ■ 
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that smaller concentrations of such a compound 
may be present in liver. In most tissues the con- 
centration of nucleic acid is considerably greater 
than in brain or nerve, and the Schneider ‘phospho- 

protein’ (XII) represents a much smaller percentage 

of the total protein-bound P. The effect on the 
quantitative determination of nucleic acid •would, 
therefore, be much less. However, Jeener (1949) 
and Davidson et aJ. (1951) have shorvn that after the 
administration of ^^P the specific activity of the 
Schmidt-Thannhauser PNA fraction of liver (our 
IV — V) is much greater than that of isolated PNA, 
even after the very active PP (our V) has been 
removed. These results suggest that liver contains 
small amounts of a metabolically active phos- 
phorus compound that interfere with specific 
activity measruements made by the Schmidt- 
Thannhauser method. This interference is much 
greater in tissue of the nervous system. ‘Inositide 
P’ accounts for over 80% of the Schmidt-Thann- 
hauser PNA (IV— V) in the white matter of dog 
brain (Table 5) and Strickland (1951), working in 
this laboratory, has shown that ^^P is incorporated 
into the PP and ‘inositide P’ of brain and nerve 
much more readily than into the DNA or PNA. 

The gross differences between the estimates of 
the concentration of nucleic acids obtained by 
the methods of Schmidt & Thannhauser (1945), 
Schneider (1945) and by ultraviolet absorption are 
greatest in tissue of the nervous system. In a 
number of experiments with pancreas, spleen, 
thymus, white cells and reticulocytes, in which the 
same techniques and the same standards were used, 
fair agreement was obtained between the methods. 
This would strongly suggest that the differences 
observed for the nervous system are genuine. 
Since each of the three methods is dependent upon 
a different part of the nucleic acid molecule, it is at 
least theoretically possible that the lack of agree- 
ment is due to some fundamental difference in the 
structure of the nucleic acids of the nervous system. 
We are aware of no studies on the chemistry of 
nucleic acids isolated from the nervous system, but 
in view of recent studies on nucleic acid structure 
(i.e. Chargaff, 1951) such a possibility would appear 
to be unlikely. 

Both Schneider (1946) and Tsuboi (1950) re- 
ported good agreement between various nucleic acid 
methods for a number of tissues, although it is 
apparent from the paper of Schneider (1946) that in 
rat brain the value for the concentration of total 
nucleic acid, determined by the Schmidt-Thatm- 
hauser method, is greater than that determined 
either by total P or by colour reactions done on the 
Schneider extract. The difference is due to an in- 
crease in the figure for PNA. Schneider (1945, 1946) 
also reported that for brain tissue the concentration 
of total nucleic acid in the TCA extract given 


colour reactions agreed with the figure gi-ven by 
phosphorus estimations. This agreement is for- 
tuitous. The phosphorus figures are too ^ high 
because of the presence of some ‘inositide P’, and 
the figures given by the colour reactions are too high 
because of interfering chromogenic material. 

The results obtained by the ultraviolet absorption 
method for the concentration of nucleic acid in 
brain and nerve are much lower than the figures 
published by previous workers (Kossel, 1882; 
Berenblum, Chain & Heatley, 1939; Rosenthal & 
Drabkin, 1943; Davidson & Waymouth, 1944; 
Schmidt & Thannhauser, 1945; Schneider, 1945, 
1946; Schneider & Klug, 1946; von Euler & Hahn, 
1948; Bodian & Dziewiatkowski, 1950; Samuels ct 
al. 1951). In Table 10 our results are compared with 
those obtained in the recent studies of Bodian & 
Dziewiatkowsld (1950) and Samuels ct al. (1951). As 
already pointed out, our results for acid-soluble and 
lipid P in the white matter and grey matter of dog 
brain and cat sciatic nerve agree well with the 
published figures for monkey brain and guinea-pig 
nerve, but our figmes for total nucleic acid, DNA, 
and ‘phosphoprotein’ are considerably lower. 

It is of interest to note that the eoncentration of 
total nucleic acid in grey matter is considerably 
greater than that in white matter. Wliite matter and 
grey matter of dog brain and cat sciatic nen^e all 
contain similar concentrations of DNA, but there is 
a much higher concentration of PNA in grey matter. 
This is not suiqjrising, since grey matter contains 
many more nerve cell bodies. These contain 
abimdant Nissl material, which is believed to be 
rich in PNA. Wliite matter and grey matter of dog 
brain and cat sciatic nerve also contain a similar 
concentration of PP (V). 

The finding of Bodian & Dzie-wiatkowski (1950) 
that white matter contains more ‘phosphoprotein’ 
(our XII) than grey matter is confirmed, although 
the values for dog brain reported in Table 7 are 
somewhat lower, both for white matter and for grey 
matter, than the figures given by these workers for 
monkey brain. The high concentration of phos- 
phorus in the ‘phosphoprotein’ fraction of white 
matter is due to the much greater concentration of 
mositide P ’, much of which remains in this fraction 
after the TCA extraction. The high concentration of 
inositide P’ m white matter, taken in conjunction 
with our further finding that this substance dis- 
appears from a peripheral nerve during Wallerian 
degeneration, even although the concentration of 

iSrive Eossiter, 

1952), gives added weight to the suggestion of 

o ch (1951) that the ‘inositide P’ is derived from 

the neurokeratm’ of the myelin sheath. It is thfe 



Table 10. Phosphorus compounds in tissue from nervous system. Comparison of present results with those in recent literature 


478 


J. E. LOGAN, W. A. MANNELL AND R. J. ROSSITER 


PLi 

O 


P-l 


w 

-H 

o 

a 


0} 

feb 

o 

o 


to 

B 


p-t 


P 


^.2 

o « *S 

EH g « 







•H 


•** 







1 


1 

0 

1 I 

1 — t 

1 

HH 

1 

■n 

' 1 

-H 


op 


1C 


<M 


0 


i> 


C5 













s 

►5$ 

s 

rC5 


►ci 

CO 


CD 



cq 


6 


0 

1 1C 

0 

-n 

-H 

-H 

-H 

1 -H 

-fl 


CD 



0 


CO 

(N 


CJ 

i> 

(N 

<N 


1—1 


(M 








IT 


S' 

3 





(M 



iS 

C<1 

6 


0 

j 1 

6 


-H 

-H 

-H 

1 1 

■H 


CO 

1C 



»H 

CO 

1C 


rH 


1C 













S' 


S' 

3 


3 







CO 

rj< 

CD 




rH 

0 


0 

1 1 

0 

-H 

-H 

4J 

4 ^ 

1 1 

-fl 


CO 

CD 

cp 


00 

ch 

CO 

0 

1C 


ic 

rH 

















S 




lO 

-H 


00 

ic 


1C 


K 



6b 


d 


CD 

rxd 

e 


0 

»H 


d 

cq 


& 


fH 






© 

rC 














(M 

CO 

In. 

© 


1C 

rH 

rH 




£ 

iH 


-H 

-H 


-H 

-H 


-4 

41 


CO 


IC 

t- 

CO 

00 

CO 


CO 


00 

1C 


cq 

-H 

CO 

CO 



tH 


CO 

CO 


u-i ® 
O c3 

^ g 


2 w 
s o 


S’ 

-id 

o 

B 


^ 2 

^ p 2 

o S 
•p c3 


to 

o 


o 




O 


P 

s ^ 

.2 lo 


P4 


'TJ 13 

s p 

cd ff 
O 


>> 

o 

rM 

c 

o 

B 


:3 


c3 


P 

§ ^ 
•S ^ 

o rl. 

P 


G 5 J-J 


^ t.1 

© o 


O 


bO 

O 




1 s 

C$ o 

© c3 

2 '3 
M “ 


-id 

d 

o 

B 


■? 

.2 

*S 

P 

.2 o 
rp O 
O d, 
P 


to 

6 

4^ 

o 


M 

■n 

00 

o 

CO 


. © 

33 

© d dn 

*H 


rH 


i;- 


pH 

01 



cb 

cb 

1C 

cq 

-H 

-H 

-n 

-H 

-H 

41 

4 

<J '0 

1C 

10 

0 

1C 

IC 


0 

aa 

0 

4k 

CO 

0 

4k 

0 

cq 


IQ 


CO 

t-* 

CO 

1C 

1 C 



<0 

d 


*d 

07 

© 

"0 > 

© 

© 


© 

.2 

d ro 
bO ^ 
CD 'ft 
(N 


d 

.2 

& 

o 

OQ 

-D 

c 3 


- vj- © 

CO 

d d 
O d 
•43 -d 

p. g 




ifi 


© 

*© 

d 

© 
• o 


+ 


d 
-d 

H 

4^ 

•S .2 ^ 

§ S 1 

^ 

M f^W 


o PM 
N (>> 
PP( PP| 


X-, e> ^ ■'H 




• d 

X s 

HH fl) 

+ .3 

H g 


X 


4^ 




<J 

o 

H 


. a 

d 

d 

-d 


w* « 


PM 

© 

. . d 

^ :2 

p 


pQ 

d 


>> 

P 


C lO © '•C3 © 


d 




1952 



Vol. 51 


nucleic acids of the nervous system 


479 


SUMMARY 


1. The concentration of acid-solnble phosphorus, 
lipid phosphorus and protein-hound phosphorus 
■was determined in the -white matter and the grey- 
matter of dog brain and in the sciatic nerve of the 
cat. In addition, the concentration of total nucleic 
acid, deoxypentosenucleic acid (DNA), pentose- 
nucleic acid (PNA) and ‘phosphoprotein’ -was 
determined by the methods of Schmidt & Thann- 
hauser (1945), Schneider (1946), and by an ultra- 
violet absorption method. 

2. The figures for total nucleic acid, DNA and 
PNA given by the method of Schneider (1946), and 
those for total nucleic acid and PNA given by the 
method of Schmidt & Thannliauser (1945), -were 
greater than the corresponding figures given by the 
ultraviolet absorption method. With other tissues 
there -was good agreement bet-ween the tlnee 
methods. 

3. An investigation of the causes of these dis- 
crepancies revealed that tissue of the nervous system 
contains (a) a phosphorus compound, probably the 
inositol-containing trypsin-resistant lipid-protein 
complex of Folch & Le Baron (1961), -which is 
estimated as PNA by the method of Schmidt & 


Thannliauser (1946) and is measured, in part, as 
nucleic acid phosphorus in the method of Schneider 
(1945), and (6) chromogenic material tlint interferes 
■with the colour reactions in the method of Schneider 

(1945). . . 

4. The values obtained for the concentration ot 
nucleic acid in tissue from the nervous systern by 
the method of ultraviolet absorption are consider- 
ably lov?er than those previously published in the 
literature. The concentration of DNA is of the same 
order in -^vhite matter and grey matter of dog brain 
and in cat sciatic nerv’e, but the concentration of 
PNA is much greater in the grey matter. 

5. The concentration of ‘phosphoprotein’ (PP) 
is of the same order in -white matter and grey matter 
of dog brain and in cat sciatic nerve, but the con- 
centration of ‘inositide P’ is much greater in -white 
matter. - 

6. Some comments on the determination of DNA 
and PNA in tissue from the nervous system by the 
method of ultraviolet absorption are given in the 
Appendix. 

This -work was aided by grants ftom the -National Re- 
search Conncil of Canada and the National Mental Health 
Grants. Mrs Gertrude Lovegrove rendered technical 
assistance. 
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APPENDIX 


A Note on the Determination of Deoxypentosenucleic Acid and Pentosenucleic Acid 
in Tissue from the Nervous System by Ultraviolet Absorption 


By j. E. LOGAN, W. A. MANNELL and R. J. ROSSITER 
Department of Biochemistry, University of Western Ontario, London, Canada 


Schneider (1945) introduced the convenient method of 
extracting nucleic acids from tissue TOth 6 % (w/v) TCA. 
Such an extract, which contains minimal quantities of 
protein, may be used for the determination of nucleic acid 
by ultraviolet absorption. 

The tissue samples were prepared as described in 
‘Analytical methods’. The extinction of (a) the TCA 
extract containing the DNA (VII) and (6) the TCA extract 
containing the total nucleic acid (XI) was determined in a 
Beckman Model DU quartz spectrophotometer at 268-5 
mp. The concentration of nucleic acid (in mg. P/100 g. wet 
tissue) for both DNA and total nucleic acid was calculated 
on the assumption that both DNA and PNA have an e (P) of 
9850 at this wavelength (see below). The concentration of 
PNA was determined by difference. 

The procedure presented certain difficulties worth 
recording. 

(1) Change in absorption characteristics of standards 

on heating for 15 min. at 90° in 5% (wjv) TCA 

After heating in 6 % (w/v) TCA at 90° for 15 min. the 
absorption maximum of the standard DNA was shifted from 
259 to 267 mp. and the e (P) at maximum absorption in- 
creased from 7300 to 9900 (Kg. 4). After neutralizing and 
buffering in 0-lM-phosphate at pH 7 the absorption 
maximum returned to 263 mp., but the extinction remained 
high. The changes in the standard PNA were in the same 
direction, but much less marked. After neutralizing and 
buffering at pH 7 the absorption maximum retimied to 



Kg. 4. Ultraviolet absorption of standard DNA. , in 

■water; , after heating with 5% (w/v) TCA at 

90° for 15 min. ; , after heating with TCA as above, 

neutralizing and buffering in 0-1 M-phosphate at pH 7. 


Table 11. Effect of heating standard preparations of DNA and PNA for 15 min. at 90° in 5% (w[v) TCA 


Calculated for data 

Standards used of Tsuboi (1950) 


DNA: 

\nax. 

(Wfi.) 

e(P) 

^mai. 

^ax. 

(mfi.) 

e(P) 

ut Ajnax. 

In distilled water 

259 

7300 

259 

6900 

After heating for 15 min. at 90° in 5 % 
(w/v) TCA 

267 

9900 

— 

— 

As above, but neutralized and buffered 
in 0-1 M-phosphate at pH 7-0 

263 

9500 

262 

9600* 

PNA: 





In distilled water 

258 

9300 

259 

8300 

After heating for 15 min. at 90° in 5 % 
(w/v) TCA 

261 

10700 

— 

— 

As above, but neutralized and buffered 

259 

11000 

259 

10000* 


in 0-1 M-phosphate at pH 7-0 

* Heated for 20 min. at 90° in 5 % (w/v) TCA. Headings at 260 m/x. 
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259 mu (Table 11). SimUar changes in the c (P) and ^ f 
£ DNA and PNA solutions -re o^rved aftc 

in GOA (w/v) HClOi at 90° for 16mm. Other 

torkemhavedescrihedchangesiiithenltra^olet absorption 

characteristics of nncleic acids after 

enzymic hydrolysis (Warren ^ Chanutm, 1948, Tsuboi, 

1960; Little & Butler, ,1951). 


Eiderable destruction of TCA (Table 12), the TCA being 
broken down according to the equation 

CCljCOOH-^CHClj+COj. 

Because of this, the blanks and standards 
for exactly the same length of 

Various attempts were made to obviate this ^ 

TCA could be removed with solvents such as ether or eth5 1 
- ... j — onri in R.amnles of 



Fig. 6. Ultraidolet absorption of standard DNA and 
standard PNA after heating with 5% (w/v) TCA at 90° 
for 15 min. , DNA; , PNA. 

Tsuboi (1950) reported similar changes in the ^nd 
e of DNA and PNA solutions. Table 11 shows that the wave- 
length of maximum absorption, and the e (P) of both the 
standard DNA and the standard PNA after treatment with- 
TCA and neutralization, agree with results obtained by 
Tsuboi (1950). 

The absorption curves of equal concentrations (on a P 
basis) ofDNAandPNAwerefound to interseotat 268-5 mfu 
when the measurements were made after heating in TCA 
■without neutrahzation (Fig. 5). Accordingly, routine 
measurements were made at this wavelength where both the 
DNA and PNA have an e (P) of 9850. This wavelength also 
has the added advantage that the absorption due to the 
TCA is much less than at 260 mp. (see below). 



A(mfi.) 

Fig. 6. Ultra-violet absorption of TCA and standard PNA. 
, 6 % (w/v) TCA; -, PNA (2 pg. P/ml.). 

biological tissue emulsions proved troublesome. HClOi 
(6%, w/v), which is free from interfering ultra-violet ab- 
sorption, was found to extract the nucleic acids. However, 
when HCIO4 was used -with tissue from the nervous system, 
the extracts absorbed strongly in the region of 274-276 mp., 
presumably due to protein or protein degradation products. 
Experiments -with casein showed that, when the 5 % (w/v) 
TCA was replaced by 6% (w/v) HCIO4, more than three 
times the amount of material absorbing at 274-276 mp. 
was extracted; 

- Table- 12. Extinction at of 5% (wjv) 

TCA heated at 90° 

Heating - at 269 mp. 

time ' , ^ ^ — A ^ 

... . (min.) Exp. 1 Exp. 2 . 


(2) Ultraviolet absorption of TCA 

Fig. 6 shows the great ultraviolet absorption of 5 % (w/v) 
TCA. On the same graph is plotted the extinction of PNA 
(2 pg. P/ml.). It can be seen that at 260 mp. the extinction 
duo to the TCA is of the same order as that due to the nucleic 
acid. As a result, all reference blanks and standards must 
contain exactly the same concentration of TCA as does the 
test solution. In addition, the method suffers from the 
disadvantage that heating at 90= for 15 min. causes eon- 
Biochem. 1952, 51 


. 0. ■ 0-162- . 0-162 
• 5 0-158 0-167 

10 , 0-150 0-150 

15 ' 0-135 0-132 

30 ■ 0-113 ' 0-114 

60 0-092 0-090 


therefore, no attempt was made to remove 
proportionate effect due to anj 
slight ifference between the concentration of TCA in the 

?60 less than a1 


31 
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(3) Extractioyi of nucleic acids 

Fig. 1 shows that the absorption at 268-5 m/i. of a TCA 
extract of cat sciatic nerve was not significantly greater 
when the extraction time was increased from 15 to 30 min. 
Similar results were obtained with white matter and grey 
matter of dog brain. -However, after prolonged heating with 
TCA (2 hr.) a slight increase in the absorption at 268-5 mft. 
was observed. When the residue remaining after a 15 min. 


1952 

extraction with TCA was extracted for a further 105 min., 
the extract had a slight absorption at 268 mp., but the 
maximrun absorption was at 274-275 mp., presumably due 
to protein degradation products. 

In the standard 15 min. extract of brain or nerve there 
was no suggestion of a secondary peak at 274-276 mjn. as 
was observed with 6 % (w/v) HCIO4 - It is felt that inter- 
ference due to protein degradation products in samples 
heated in 5 % ('vv/v) TCA for no longer than IS min. is 
minimal. 


Chemical Studies of Peripheral Nerve During Wallerian Degeneration 

3. NUCLEIC ACIDS AND OTHER PROTEIN-BOUND PHOSPHORUS COMPOUNDS 

By j. E. LOGAN, W. A. MANNELL and R. J. ROSSITER 
Department of Bioehemistry, University of Western Ontario, London, Canada 

{Received November 1951) 


This paper describes changes in the concentration of 
nucleic acids and other protein-bound phosphorus 
compounds in the sciatic nerve of the cat after 
nerve section or nerve crush. If a nerve is cut 
(neurotmesis) that portion of the nerve peripheral 
to the point of section undergoes the familiar series 
of changes known as Wallerian degeneration. If the 
nerve is crushed, a procedure that intermipts the 
axons and myelin sheaths but leaves the connective 
tissue sheaths intact (axonotmesis), the nerve 
degenerates as before. After a short latent period 
the degenerating peripheral segment is re-innervated 
by axon tips from the intact central stiunp. There is 
thus a regeneration superimposed upon the de- 
generation. In previous publications from this 
laboratorj’’ changes in the concentration of lipids 
after nerve section or nerve crush have been 
described (Johnson, McNabb & Rossiter, 1949; 
Burt, jMcNabb & Rossiter, 1950). 

WTiile this work was in progress, papers by 
Bodian & Dziewiatkowski (1950) and Samuels et al. 
(1951) appeared giving some figures for protein- 
bo\md phosphorus compounds in peripheral nerve 
during IVallerian degeneration. By using the 
method of ultra^aolet absorption described in the 
preceding paper (Logan, Mannell & Rossiter, 1952), 
a more reliable estimate of the concentration of 
total nucleic acid in a degenerating peripheral 
ner\’e has been obtained. In addition, the changes 
that occur in the concentration of deoxypentose- 
nucleic acid- (DNA), pentosenucleic acid (PNA), 
‘phosphoprotein ’ (PP) and ‘inositide P ’ after nerve 
section or nerve crush have been described for the 
first time. The figm-es given for ‘inositide P’ 
probably represent the phosphorus of the inositol- 
containing trypsin-resistant lipid-protein complex 


described by Folch & Le Baron (1951) and thought 
by Dr Jordi Folch to be part of the ‘neiu-okeratin’ 
of Kiihne & Chittenden (1889). 

METHODS 

Therigbt soiaticnerves of fifty-two cats were either sectioned 
or crushed at the level of the greater trochanter of the 
femur. Details of the operations have already been de- 
scribed (Johnson et al. 1949; Burt et al, 1950). No attempt 
was made to control the age, sex or weight of the animals. 
After intervals of time varying from 2 to 600 days the 
animals were killed, and the segment of nerve distal to the 
site of the operation was removed. At the same time, a 
similar length of left sciatic nerve was removed to serve as 
a control. Each nerve was cleaned of adherent fatty and 
epineural connective tissue, weighed, and the phosphorus 
compounds were estimated as described in the preceding 
paper (Logan et al. 1952). The nucleic acids were estimated 
by ultraviolet absorption. 

Because of the great increase in the wet weight of de- 
generating and regenerating nerves, the residts have all 
been expressed in terms of the fresh weight of a similar 
length of the intact nerve of the opposite side. This is 
equivalent to expressing the results in terms of the fresh 
weight of the nerve before it had been sectioned or crushed, 
i.e. at zero time. All analyses were done in duplicate. 

RESULTS 

Nerve section 

Table 1 shows that 16 days after nerve section there 
was an increase in the concentration of acid-soluble 
P and protein-bound P, i.e. phosphorus remaining 
after the removal of acid-soluble P and lipid P, and 
a decrease in the concentration of lipid P and total P. 
Table 2 shows that the increase in the concentration 
of protein-boimd P was due to an increase (by a 
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factor of 3 to 4) in the concentration of nucleic acid. 
The concentration of both DNA and PNA in- 
creased, but the increase in the concentration of 
PNA was greater than that of DNA, causing a rise 
in the PNA/DNA ratio. Neither PP nor ‘inositide 
P’ contributed to the rise in the protein-bound P. 
After 16 days the mean concentration of PP was 
less than that in the control nerves. The mean con- 
centration of ‘inositide P’ was also less than that in 
the control nerv^es, although the difference is not 
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Figs. 1-5 show the changes in the concentration of 
the various phosphorus compounds at different 
times after nerve section. The concentration of acid- 
soluble P (Fig. 1) increased, reaching a maximum at 
8-16 days and then decreased to values well below 
those of the control nerves. As was found in the 
previous study (Johnson ct al. 1949), the concen- 
tration of lipid (Fig. 2) did not change greatly during 
the first 8 days and then decreased rapidly during 
the period 8-32 days. 


Table 1. Phosphorus compounds in sciatic nerve of the cat 16 days after nerve section or nerve crush 

(Resalts are expressed as mg. P/100 g. wet tissue. No. of animals is stated in parentheses under each result. P gives the 
significance of the difference between values for experimental and controlwerves.) 


Control 16 days after nerve section 16 days after nerve crush 


Estimation 

r 

Mean 

S.S.M. 

f 

Mean 


A 

S.E.M. 

P 

/ 

Mean 


A 

S.E.M. 

\ 

P 

Aoid-Boluble P 

62-2 ± 
(42) 

0-7 

62-1 

i 

(6) 

2-1 

<0-01 

64-9 

db 

(6) 

2-6 

<0-01 

Lipid P 

310 ± 

(60) 

5-6 

166 

di: 

(6) 

20 

<0-01 

149 

dr 

(6) 

14 

<0-01 

Protein-hound P 

19-4 ± 
(62) 

0-6 

41-7 

(6) 

1-2 

<0-01 

41-5 

i 

(5) 

2-2 

<0-01 

Total P 
(by addition) 

380-8 ± 
(42) 

6-8 

259-7 

d: 

(6) 

33-8 

<0-01 

254-9 

dr 

(5) 

11-7 

<0-01 


Table 2. Protein-hound P in sciatic nerve of the cat 16 days after nerve section or nerve crush 

^ (Results are expressed as mg. P/100 g. wet tissue. No. of animals is stated in parentheses under each result. P gives the 
significance of the difference between values for experimental and control nerves.) 


Control 16 days after nerve section 16 days after nerve crush 

. A * 


Estimation 

Mean 


S.E.M. 

Mean 


S.E.M. 

P 

/ ‘ 

Mean 


S.E.M. 

P 

Total protein-hound P 

19-4 

± 

0-5 

41-7 


1-2 

<0-01 

41-5 

± 

2-2 

<0-01 



(52) 



(6) 




(5) 


Total nucleic acid 

8-7 

± 

0-2 

32-9 

± 

1-1 

<0-01 

34-6 

± 

2-3 

<0-01 

DNA 


(52) 



(6) 




(5) 


4-8 

d: 

(52) 

0-1 

14-4 

rt 

(6) 

0-9 

<0-01 

13-4 

i 

(5) 

0-5 

<0-01 

PNA 

3-9 

dh 

(52) 

0-1 

18-5 

dr 

(6) 

0-8 

<0-01 

21-1 

± 

(6) 

2-4 

<0-01 

PP 

‘Inositide P’ 

PNA/DNA ratio 

1-8 

9-0 

0-9 

i 

(51) 

± 

(51) 

0-1 

0-4 

1-0 

7-7 

1-3 

i 

(6) 

d: 

(6) 

0-1 

0-8 

<0-01 

<0-3 

1-2 

5-8 

± 

(5) 

i 

(5) 

0-1 

1-2 

<0-01 

<0:02 



(52) 


(6) 



1-6 

(6) 




significant statistically (P=:0-2-0-3). This is no 
doubt due to the lack of precision in the ‘inositide P’ 
determination. ‘Inositide P’ is obtained by differ- 
ence from three individual determinations. After 
32 days, however, the mean concentration of ‘inosi- 
tido P’ in the degenerating nerves was very much 
less t Imn that in the control nerves and the difference 
isstatistically significant. The standard errors given 
m Tab C3 1 and 2 indicate the degree of reproducJ 
bihiy to bo e.xpocted with different animals. 


Fig. 3 shows that the concentration of protein- 
to amaximum at 16 days and then fell 
Jowly throughout the course of the degeneration. 
The rise, which was apparent after only 2 days of 

increase in the concen- 

was a steady fall in the 
concentration of PP U'n., „ , 

sitideP’ concentration of ‘ino- 

smue P , lfi,e the concentration of lipid p did not 
change ^eatly in the first 8 days and then 
sharply in the period 8-32 days. ^ 


31-2 
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Fig. 1. Acid-soluble P of cat sciatic nerve after nerve 
section or nerve crush (• — •). Each point 

represents the mean for three or more animals. 



Fig. 2. Lipid P of oat sciatic nerve after nerve section 
(• — •) or nerve crush Each point represents 

the mean for three or more animals. 



Time (days) 

Fig. 3. Protein-bound P of cat sciatic nerve after nerve 
section. • — •, total protein-bound P; 

nucleic acid P; ■ — ■, ‘inositide P’; PP. 

Each point represents the mean for three or more animals. 


Fig. 4 gives the concentrations of DNA and PNA. 
Both nueleic acids increased in concentration, but 
PNA increased more- rapidly than DNA, so that by 
32 days the PNA/DNA ratio had increased from 0-9 
to 2-0 (Fig. 5). After 32 days the PNA/DNA ratio 
fell gradually. 



Fig. 4. Nucleic acids of cat sciatic nerve after nerve section. 
• — •, total nucleic acid; ■ — ■, DNA; ^ 
PNA. Each point represents the mean for three or more 
animals. 



Fig. 5. Ratio of PNA to DNA in cat sciatic nerve after 
nerve section. Each point represents the mean for three 
or more animals. 

Nerve crush 

Tables 1 and 2 show that 16 days after nerve 
crush the phosphorus compounds changed in the 
same direction and to the same extent as after nerve 
section. None of the figures for the crushed nerves is 
significantly different from that for the corre- 
sponding substance in the sectioned nerves. 

By 96 days signs of regeneration began to appear 
in the crushed nerves. The concentration of acid- 
soluble P (Fig. 1) and lipid P (Fig. 2) was greater 
than that in the sectioned nerves (P < 0-01, in both 
instances). With much longer periods of regenera- 
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tinned to increase (Fig. 6), and the conce greater. In four additional animals the nerves 

protein-bound P continued to fall. Fig- ® crushed and then allowed to regenerate for 

the fall in protein-hound P was due ° *550-600 days after the operation. Even after tins 

concentration of nucleic acid. By 96 days the con- 550-600 days atmr ^ p 


concentrax-ioii ui , 

centrabion of both PP and ‘inositide P had corn- 
menced to increase, even although the concentration 



55U-t)UU aays aiwi wio — 

lenath of time the concentration of hpid P and 
‘inositide P’ was still less than that in the control 
nerves of the opposite side and the concentration ot 
nucleic acid was still greater. 


Pig. 8. Total P (•-#) and lipid P (A— A) of oat 
sciatic nerve after nerve cmeh. Each, point represents the 
mean for three or more animals. 




Fig. 7. Protein-bound P of cat sciatic nerve after nerve 
crush. • — •, total protein-bound P; A — Jk< 
nucleic acid P; 'inositide P’; T— T, PP- 

Each point represents the mean for three or more animals, 

of protein-bound P was still falling. Both DNA and 
PNA contributed to the fall in the concentration of 
nucleic acid, but the PNA decreased more rapidly 
than the DN'A, so that the PNA/DNA ratio, which 
in tho period S-32 days was greatly in excess of the 
figure for the control nerves, fell steadily, reaching 
n value below that of the controls by 250 davs 
(Fig. S). 

After 250 days, at a time when the acid-soluble P 
and PP had retiuncd to normal, the concentration 
of both lipid P and ‘inositide P’ was still consider- 


more animBls. 

DISCUSSION 

When a peripheral nerve is sectioned or crushed that 
portion of the nerve distal to the site of the lesion 
degenerates. The axon disintegrates and the myelin 
sheath at first fragments and ultimately is de- 
stroyed. The Schwann cells proliferate and -the endo- 
neurium and neurilemma thicken to form a 
Schwann tube, which is able to receive a growing 
axon tip from the intact central stump. The de- 
generation is, in a sense, a preparation for regenera- 
tion. 

The sharp fall in the concentration of lipid F 
during the period 8-32 days after either type of 
operation is most likely the result of the destruction 
of the myelin sheath (Johnson, McNabb & Rossiter, 
1950). The finding that the ‘inositide P’ also dis- 
appears at this tune is of interest. If this fraction 
represents the lipid-protein complex of Folch & Le 
Baron (1951) and is part of the classical ‘neuro- 
keratin’, the observation provides good evidence 
that ‘neurokeratin’ is a constituent of the myelin 
sheath of a peripheral nerve fibre. This view is 
strengthened by the further finding that during the 
deposition of myelin in nerves regenerating after a 
crush, the ‘mositide P’ returns to the nerve at the 
same tune as the lipid P. 

The rise m the concentration of nucleic acid 
reachmg a peak 16-32 days after nerve section or 
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nerve crush, is probably accounted for by the in- 
crease in the niunber of Schwann cells and endo- 
nexu-ial cells (chiefly fibrocytes and macrophages) 
that takes place during this time (Yoimg, 1942; 
Abercrombie & Johnson, 1946). If, as has been sug- 
gested, the mean quantity of DNA per diploid cell 
is constant for any one species (see Davidson, 
Leslie & IVhite, 1951, for references), it is apparent 
that the total amoimt of DNA in a nerve is an index 
of the number of cell nuclei present. The curve 
representing the change in the concentration of 
DNA with time (Fig. 4) is of the same general form 
as that reported by Abercrombie & Johnson (1946) 
for the change in the total mnnber of cell nuclei in 
the degenerating sciatic nerve of the rabbit. 
Quantitatively the curves are different, but this is 
not surprising when the many differences between 
the two sets of experiments are taken into considera- 
tion. Our experiments were with cats, not rabbits, 
and the chemical determination gives an estimate of 
the number of cell nuclei throughout the whole 
length of the nerve rather than the number at one 
selected level. Also it is now known that the extent 
of the increase in the total number of cell nuclei in 
a peripheral nerve during Wallerian degeneration 
depends upon the size and the degree of myelination 
of the constituent fibres (Joseph, 1947, 1948; 
Thomas, 1948). 

The concentration of PNA gives an indication of 
the total mass of cytoplasm within the nerve. 
During the period of cellular proliferation the 
PNA/DNA ratio, i.e. the concentration of PNA per 
cell, is considerably greater than that in the control 
nerves. At this time an increase in the amount of 
Schwann cell cytoplasm can be demonstrated 
histologically (Yoimg, 1942). There is also an 
increase in the concentration of acid-soluble P. 

The increase in the concentration of nucleic acid is 
statistically significant as early eis 2 days after the 
operation, 5 'et even at 8 days, when the concentra- 
tion of nucleic acid is greatly in excess of that in the 
control nerves, the concentration of lipid P and 
‘inositide P’ is not significantly decreased. This 
would indicate that the cellular proliferation com- 
mences well in advance of the chemical degradation 
of the myelin sheath, although, with the degenera- 
tion of the axon in the first few days after nerve 
section, there is a ph 5 ’^sical destruction of the 
mj'elin sheath, with segmentation and ovoid forma- 
tion (Yoimg, 1945; Johnson et al. 1950). 

In the sectioned nerves there was no post- 
mortem or functional evidence of regeneration 96 
days after the operation, and in other animals 
similarly treated this absence of regeneration was 
confirmed microscopically. In the crushed nerves, 
on the other hand, myelination had spread tluough- 
out the length of the nerve and function appeared 
normal. Yet even after 600 days, neither the lipid P 
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nor the ‘inositide P’ had returned to normal. At 
this time the regenerating nerves still contained 
more nucleic acid than the control nerves of the 
opposite side. This finding is of interest in view of 
the slow restitution of fibre pattern (Gutman & 
Sanders, 1943; Sanders, 1948) and full physiological 
activity (Berry, Grundfest & Hinsey, 1944; 
Sanders & Whitteridge, 1946 ; Erlanger & Schoepfle, 
1946) in regenerating nerves. 

The figures for the concentration of phosphorus 
compounds in the control nerves agree well with 
those reported in the previous paper (Logan et al. 
1962) for a smaller series of normal cat sciatic 
nerves. 

May (1930), Bodian & Dziewiatkowski (1950) and 
Samuels et al. (1951) have studied the distribution of 
phosphorus compounds in peripheral nerves during 
Wallerian degeneration. Comparison of our results 
with those of May (1930) is of little value because of 
the great differences in the analytical techniques 
employed. Bodian & Dziewiatkowski (1950) re- 
ported a fall in the concentration of lipid P and a 
slight increase (of the order of 18 %) in the concen- 
tration of protein-bound P 7—23 days after section in 
monkey nerves. Because the ‘inositide P’ accoimts 
for such a high percentage of the protein-bound P of 
the control nerves and the concentration of ‘ino- 
sitide P ’ falls while that of nucleic acid rises during 
Wallerian degeneration, the percentage increase in 
the concentration of nucleic acid would be much 
greater than that of the protein-bound P. In our 
experiments the protein-bound P of cat sciatic 
nerve increased by 116% in 16 days, whereas the 
concentration of nucleic acid increased by 280 %. 
Samuels et al. (1951), using the method of Schneider 
(1945), also reported an increase in the concentration 
of nucleic acid (112 %) in guinea-pig nerves 16 days 
after section. For the reasons given by Logan et al. 
(1952), the figures of Samuels et al. (1951) for nucleic 
acid, especially those for the control nerves, are 
probably too high. 

SUMMARY 

1 . The concentration of acid-soluble phosphorus, 
lipid phosphorus, protein-bound phosphorus, total 
nucleic acid, deoxypentosenucleic acid (DNA), 
pentosenucleic acid (PNA), phosphoprotein (PP) 
and ‘inositide phosphorus’ was determined in the 
sciatic nerve of the cat at intervals of time from 2 to 
96 days after nerve section (neurotmesis) and 
8-600 days after nerve crush (axonotmesis). 

2. The acid-soluble phosphorus increased to a 
maximum at 8-16 days after either nerve section or 
nerve crush, returning to values not significantly 
different from those of the control nerves by 32 days. 
The acid-soluble phosphorus then remained normal 
in the crushed nerves, but fell to lower values in the 
sectioned nerves. 
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3 . The lipid phosphorus changed little during the 
first 8 days and then decreased rapidly during the 
period 8-32 days after either nerve section or nerve 
crush. In the sectioned nerves the lipid phosphorus 
fell still further, whereas in the crushed nerves it had 
commenced to increase by 96 days and continued to 
increase throughout the period of regeneration. 

4. The concentration of total nucleic acid in- 
creased after either nerve section or nerve crush, 
reaching a maximum in 16 days. Thereafter the 
concentration of nucleic acid fell in both the 
sectioned and crushed nerves. After each type of 
operation the PNA increased more rapidly than the 
DNA, so that there was an increase in the PNA/DNA 
ratio. 

5. The PP fell throughout the whole course of the 
degenerationinthesectionednerves. In the crushed 
nerves it had commenced to rise by 96 days, and by 


250 days it approximated the concentration in the 
control nerves. 

6. The ‘inositide phosphorus’ followed a course 
similar to that of the lipid phosphorus. After either 
type of operation there was little change dining the 
first 8 days, followed by a rapid fall during the 
period 8-32 days. In the sectioned nerves the 
‘inositide phosphorus’ fell still further, whereas in 
the crushed nerves it had commenced to increase by 
96 days and continued to rise dining the entire 
period of study. 

7. The increase in the concentration of nucleic 
acid and the decrease in the concentration of lipid 
phosphorus and ‘inositide phosphorus’ still per- 
sisted 600 days after nerve crush. 

This work was aided by grants from theNational Eesearch 
Council of Canada and the National Mental Health Grants. 
Mrs Gertrude Iiovegrove rendered technical assistance. 
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A Study of the Amino -acid Complexes Formed by Metals 
of Group II of the Periodic Classification 

By D. J. PERKINS 

Department 0 / Chemical Pathology, St George's Hospital Medical School, London, ^.TF. L 

{Beceived 11 October 1951) 


Albert (1950) published a study of the formation of 
complexes between a number of metals and a-amino- 
ncids containing only two ionizing groups. The 

matliematicaltrentmentoftheresultsfrompotentio- 

metric titrations enabled the stabilities of the metal 
complexes to bo calculated. Using his potentio- 
motric method all the metals of Group 11 of the 
periodic cla.ssificntion were studied in their relation 


derivatives and other a-amino-acic 
attempt has been made to study the effect o 

complexfo:mationof(a)thenatureoftheme^^^^^^ 

uSlaX^*"^ solubihty studies of Mon] 
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EXPERIjMENTAX,- 

Materials. The following salts were used in 0-01 m- 
solution: BaCL.6H<,0; SrClj; CaClo; MgS04.7Ho0; 
BeSOi-dHoO; ZnSO^TH^O; SCdSOi-SHoO; HgCNOj)^; 
CoClj-oHoO; NiCls-GHjO; Pb(]Sr03)2. Hg(N03)2 was made 
up in 0-025JI-IIN03 and excess acid back-titrated in the 
presence of the amino-acid investigated. AgN O3 was used in 
0-02M-solution. All salts were of A.R. quality. 

All the amino-acids were vacuum-dried at 100° for at 
least 48 hr., weighed and made up in 0-02M-solution. 
Because of the low solubility of their complexes it was 
necessary to use 0-001 Ji-concentrations of DL-norvaline and 
Dii-norleucine. The purity of each amino-acid was assessed 
by two-dimensional chromatography and by potentio- 
metric titration with O-lOOji-KOH. All samples except 
DL-a-alanine gave titration curves which on calculation 
yielded constant pK values within ±0-03 pK imits over the 
entire cmve. The pK values were calculated for each point 
on the curve using the method of Sorensen (1909). The 
values obtained were consistent with those in the literature. 
DL-a- Alanine of satisfactory purity was obtained after two 
recrystaUizations from aqueous methanol. 

Potentiometric titration. A Cambridge Instrument 
Company bench type pH meter was used with a glass 
electrode and saturated calomel half-cell. The titrations were 
carried out as outlined by Albert (1950) with minor modi- 
fications. The dissociation constant for the a-amino group 
was determined under the conditions subsequently used for 
the titrations in the presence of the metal. These titrations 
were made on solutions in which the ratio of acid to metal 
was 2 : 1 for bivalent and 1 : 1 for univalent metals. For most 
titrations equal volumes of stock metal and amino-acid 
solutions were mixed and then stirred -with Oj-£ree Nj for 
10 min. At the midpoint of the titration the volume was 
50 ml. 

Calculations. The two systems to be considered in calcu- 
lating the stability of each complex are: 

(а) amino-acid =complex 1+ with dissociation con- 
stant =Ai, 

(б) complex I-*- + amino-acid = complex II with dissociation 

constant =£'j, 

where M"*"*- is a bivalent metal. The overall stability of the 
final complex log A, is given by 

log = log Aj -1- log A, . 

The calculation of log A, takes account of the proportion 
of amino-acid in the form available for chelation at a 
particular pH. This form of the amino-acid is that in which 
the carboxyl group is ionized and the amino group' un- 
ionized. All values for log A, were calculated from the point 
at which one molecule of the amino-acid was bound to the 
metal ion. At this point the following equation was used: 
log A,= - 2 log [Sc], where [Sc] is the concentration of free 
amino-acid available for chelation at this pH (Albert, 1950). 
The more critical method of calculating values for either 
log Aj or log A, for each point on the titration curve was 
also used. These methods yielded values for log A, agreeing 
within 0-1 unit for the amino-acids and 0-2 unit for elvcyl- 
glycine. 


RESULTS 

Table I shows the log K, values obtained for glycine 
and those of its derivatives in which the hydrogen 
atoms of the amino group were substituted. There 
are no values for Mg, Ca, Sr and Ba as these -were too 
low to obtain by the present method. Fig. 1 shows 
the relative stability constants for glycine -with 
•Group II 6 metals. Table 2 is a comparison of the 
stability constants obtained by different authors 
using mainly potentiometric methods. 



Fig. L. Typical distribution, of stability constants of Group 
II metals with an amino-acid (in this case glycine). The 
figures for magnesium and calcium are quoted from 
Monk (1951c). 

DISCUSSION 

Potentiometric titrations of a-amino-acids 'with 
metals of Group II showed that the two sub-groups 
behaved differently. The Group II a metals, barium, 
strontium and calcium either did not form com- 
plexes, or only did so with very low stability con- 
stants. In contrast, the Group II 6 metals, zinc, 
cadrnium and mercury formed complexes with 
stability constants which could be readily measured. 
The other elements of the group behaved in 
different ways. Beryllium appeared to form stable 
complexes and was therefore associated with Group 
II 6. Magnesium, however, formed complexes with 
low stabilities which could not be measured 
accurately and it behaved as though it were inter- 
mediate in properties between the two groups. 
Monk (1951c) quoted log A, values for calcium 
which were well beyond the limit measurable by the 
method used. He also showed that magnesium had 
log A, values of approximately 4-0. This is in agree- 
ment -with the values' of Albert (1950) and those 
found in the present investigation. 
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Throughout this investigation it was apparent 
that the metal was the dominating factor m deter- 
mining the stability constants f 
This confirmed the observation of Albert (1950) on 
a wide range of metals. Fig. 1 showmg the relative 
stabilities of the metal complexes with glycme was 
typical of all the amino-acids studied. The order of 
stability was Hg> B6> Zn> Cd. So far no metal has 


possible to assess complex formation on the 

alkaline side of this pH. 

Tlie effect of ligand structure on complex stability 
■was examined. Ho appreciable effect was found 
when the hydrogen atom of the glycine amino group 
wassubstituted as in sarcosine, proline andhydroxy- 
proline. The values in Table 1 show differences 
which are not temperature effects, but are slight 


(The 


Table 1. StaUUty constants for metal complexes of a-amino -acids with only two ionizing groups 
effects of substituting the hydrogen atoms of the amino group and of carbon chain length and isomerism are 


shown.) 


Amino-acid 

Temperature 

('’) 

Glycine 

22-0 

Glycylglycine 

21-0 

20-0 

Sarcosine 

L- Proline 

17-0 

n-HydroxyproUne 

17-0 

DL-a-Alanine 

21-0 

m.-a-Ammo-'n-butyrio acid 

20'0 

DL-Norvaline 

20-0 

Dt-Norleucine 

20-0 

DL-a-Aminoisobntyrio acid 

19-0 

DL-Valine (MBT)* 

19-5 

Dt.-lBoleucino 

20-0 

nii-Lenoine 

20-0 


iQg^ 


pK 

Be 

Zn 

Cd 

Hg 

9-73 

13-3 

9-2 

7-9 

18-2 

8-21 

9-8 

6-4 

5-4 

12-4 

10-22 

13-9 

.8-8 

7-5 

18-7 

10-46 

14-2 

9-9 

8-0 

20-5 

9-70 

12-7 

9-6 

8-2 

17-7 

9-90 

13-1 

9-1 

7-6 

18-4 

9-62 

12-9 

8-3 

6-8 

18-5 

9-87 

12-6 

8-1 

6-6 

17-7 

9-92 

12-8 

8-5 

6-9 

17-8 

10-24 

12-4 

8-8 

7-2 

18-3 

9-59 

12-4 

8-2 

6-7 

t 

9-86 

12-6 

8-2 

6-6 

17-6 

9-92 

13-2 

9-1 

7-8 

17-6 


* Jlicrobiologically tested. 


t Insoluble complex. 


Table 2. Comparison of stability constants in the literature of complexes formed with glycine, 
a-alanine and glycylglycine with various metals 


Metal 

Amino-acid r- — ^ : , 


or peptide 

Cu 

Ni 

Zn 

Pb 

Co 

Mg 

Ca 

Agt 

Cd 

■ Hg 

Glycine (1) 

15-4 

11-0 

9-3 

— 

8-9 

4-0 

— 

— 

8-1 



(2) 

16'6* 

IM 

10-0 

8-9 

9-3 

3-4t 

l-4t 

3-5* 

— 



(3) 

— 

11-0 

9-2 

9-3 

8-8 



3-7 

7'9 

18-2 

(4) 

15-2 

10-6 

8-9 

— 

8-4 

— 

— 

3-7 

7-1 

19-2 

(5) 

16-4 

— 

9-7 

— 

8-9 

— 

— 

— 

— 


a-Alanino (1) 

16d 

— 

— 

— 

8-4 

— 







(2) 

15-4* 

10-7 

9'5 

8-2 

8-5 

2’Ot 

l*2t 

3-6* 





(3) 

— 

— 

9-4 

— 

— 

— 

. — 

— 

7-2 



Glycylglycine (2) 

11-7* 

7-9 

6-6 

6-0 

5-9 

Mt 

' l'2t 

2 - 7 * 




(3) 

— 

7-6 

6-4 

5-8 

5-8 



3-1 

6-4 

12-4 


(1) Albert (1950). (2) Monk (1951 a, 6, c). (3) Present -work. (4) Flood & Loras (1945). (5) Maley & Mellor (1950). 

* Solubility studies. -j- First constant only. 


been quoted in the literature as showing greater 
complex stability than mercury. The anomalous 
incren.so in stability when passing from cadmium to 
mercury was in accord wth the work of Bjemim 
(1941) on metal nmmine formation. Experiments 
using mercuric chloride gave fallacious low results 
due to the mainly covalent nature of this salt. The 
ionized mercuric nitrate, however, gave the high 
valvies recorded here. The values for beryllium must 
be treated with caution as both its salts and com- 
plexes hydrolyse above pH 6. This made it im- 


compared with the metal effect. The substitution of 
the tt-amino hydrogen atom by another amino-acid 
as m glycylglycine, however, produced a decrease in 
stability comparable to the metal effect. 

In Table 2 a comparison is made, between the 
results of a number of workers. In general, good 
^eement was obtained for glycine and a-alanine. 
Thepurpose of this part of the work was to check the 
results from glass-electrode measurements with 
those of other authors and with the solubility 
measurements of Monk (1961c). Monk (I 951 S 
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had already shown that solubility and titration' 
measinrement gave comparable results. 

The results for glycylglycine agreed well with 
those of Monk (1951c). They were all measimed at 
pH more acid than 8-0. At more aUialine pH values 
Dobbie, Kermack & Lees (1951) have shown that 
with cupric ions the peptide nitrogen also takes 
part in chelation. Evidence of this further chelation 
was obtained with mercmy in this study. The 
titration curve obtained was symmetrical and 
yielded satisfactory results for log K-^ and log ATj ■ 

The marked decrease in stabilities from glycine to 
glycylglycine is of interest, as according to Albert 
(1950) the metal bridges the carboxyl and amino 
groups of glycine. In the case of glycylglycine such 
ring formation is unlikely in view of the size of such 
a ring. As, however, there is evidence for the peptide 
losing a second proton per molecule (Dobbie et al. 
1951) it is more probable that the metal chelates 
first with the terminal amino groups and then with 
the peptide nitrogen. Further work on metal 
peptide complexes is in progress. 

Tlie effect of lengthening the chain length on 
stability constants was small, but produced a still 
detectable decrease in stability from glycine to 
norvaline (Table 1). Norleucine, however, gave an 
tuiexpected increase in stability. The effect of iso- 
merism in the chain was also studied. From Table 1 


it will be seen that the isomers of norleucine gave 
different stability constants but the isomers of 
norvaline gave identical values. 

SUMRLARY 

1. The stability constants of some complexes of 
a-amino-acids with metals of Group II of the 
periodic classification were measured by a potentio- 
metric method. 

2. The predominant part played by the metal in 
determining the stability constant was confirmed. 

3. Metals of Group II a formed complexes with 
stability constants too low to be measured. Group 
II 6 metal complexes yielded measurable constants 
in the order of magnitude Hg>Be>Zn>Cd. The 
results of a number of investigators using a range of 
metals with glycine, a-alanine and glycylglycine 
were compared. 

4. The effect of substituting the hydrogen atoms 
of the amino group of glycine on stability constants 
was studied. The only appreciable structural effect 
observed was the decrease in stability produced by 
peptide formation. Increase of chain length 
resulted in decreased stabilities. 

I wish to thank Dr N. H. Martin for his advice and en- 
couragement during the course of this work. 
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The Crystallization of Fumarase 

By V. MASSEY 

Department of Biochemistry, University of Cambridge 
(Received 16 October 1951) 

Fumarase, the enzyme catalysing the reversible hydrogenase. Scott (1948) has also obtained 
hydration of fumaric acid to n-malic acid, was dis- amorphous fractions with over three times the 
covered in 19 1 1 by Batelli & Stem. Since then it has specific activity of the preparation of Laki & Laki. 
been shown to occm in a large number of plant and In this commimication is reported the isolation 
animal tissues, and in lower organisms. frorn pig-heart muscle of crystalline fumarase, 

In 1941 Laki & Laki claimed to have isolated homogeneous by sedimentation and electrophoretic 

crj’stalline fumarase from pig-heart muscle, but criteria, which has a specific activity almost ten 
Scott (1948), Scott & Powell (1948) and Racker times that reported by Laki & Laki. A preliminary 
(1950) have shown this preparation to contain con- ' account of this work has been published (Massey, 
siderable quantities of aconitase and lactic de- 1961). 
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another, and are best determined by the addition of gradu- 
lilETHODS ally increasing amounts of gel, followed each time by centn- 

fugation and activity and protein determinations. This was 
followed by another (^114)2804 fractionation, the pre- 
cipitate formed on the addition of (NH4)2S04 to 60% 
saturation was centrifuged at high speed and dissolved in the 
minimum amount of 15% saturated (NH4)2S04 solution. 
Saturated (NH4)2S04 was added drop by drop until a faint 
turbidity was formed. The solutions of (NHiljSOi, which 
were of A.R. grade, had not been neutralized. The pH of the 
mixture before crystallization was between 6T and 6-4. 
After two days in the refrigerator, crystals formed in large 
amounts (Fig. 1). These are relatively insoluble in water; 
they can be washed quickly and centrifuged without much 
loss through solution. 

Recryaiallization. Fumarase crystals were centrifuged, 
washed with cold distilled water, centrifuged again, and 
dissolved in O-OlM-phosphate buffer, pH 7-3. From this, 
the enzyme was precipitated by 60% saturation with 
(NHiijSOi, dissolved in 15% saturated (1^14)2804, and 
saturated (NH4)280i added to produce turbidity as in the 
original crystallization. Crystallization can be greatly 
accelerated by seeding from a previous preparation. After 
two recrystallizations the preparation reaches a constant 
specific activity, which is from 2000 to 3000 times that of the 
original extract. With care, the overall- yield can he 40- 
60%. The actmty and purity data for a representative 
preparation are shown in Table 1, 

Secry8(aliizalionfrom,phospJiatebuffer,j>R 6-3. Fumarase 
can also be obtained in crystalline form by dialysis against 
0-lM-phosphate buffer, pH 6'3. Fumarase crystals from 
(NH4)2S04were dissolved in O-OlM-phosphate buffer, pH7-3, 
and the enzyme precipitated in amorphous form by 60% 
saturation with (NH4)2S04 . The precipitate was dissolved in 
0-lM-phosphate, pH 7-3, and the pH gradually lowered by 
dialysis against OdM-phosphate, pH 6-3. 

The enzyme crystallized in the form of thin rectangular 
plates {Pig. 2). These crystals are almost insoluble in water 
and dilute phosphate solutions, but can be dissolved in 
dilute NaOH solution. If this is done at 0° and the pH 
adjusted to neutrality as soon as the crystals are dissolved, 
there is no loss in activity. The solution so obtained has the 
same specific activity as solutions of fumarase obtained 
from {NH4)2S04 . All the other results reported in this paper 
however have been obtained with the crystals from 
(NHJjSOi. 

Pig-h^rt protein A, From the mother liquor of the 
ciystallization of fumarase, another crystalline protein can 
M obtained on the addition of a little more (NHjljSO . 
Here crystallization proceeds best at 20-25°. The crystals' 
unlike those of fumarase, are very soluble in water, and 
appear as long thin needles without sharply defined edges. 
Mtempts to identify the crystals have not yet been success- 

Properties of fumarase 

other crystalline 


Enzyme activity Merminalicms. Fumarase activity was 
determined by the spectrophotometric method of Raoker 
(1950). The reaction was measured in the presence of 
0-017M-sodium fumarate and 0-033 M-phosphate buffer, 
pH 7-3, using a Beckman model DU spectrophotometer, 
toe unit of activity was chosen arbitrarily as the amount of 
enzyme required to reduce the optical density of fumaric 
acid at 3000 A. by 0-01/min. at 20° and pH 7-3. The initial 
rate of reaction was calculated by plotting a graph of optical 
density against time of reaction. 

Protein concentration. This was measured by Kjeldahl 
nitrogen estimations on dialysed extracts. In all calculations 
the protein concentration was assumed to he 6-25 times the 
nitrogen content. Approximate concentrations were also 
obtained by optical density determinations at 2770A. The 
optical density of 1 ml. of protein solution in a final volume 
of 3 ml., determined through a quartz cell of 1 cm. thick- 
ness was referred to as density/ml. (d/ml.). 

Sedimentation and diffnaion. The sedimentation constant 
was determined using a Svedherg oil-turbine ultracentrifiige 
and the diffusion constant using a Gouy diffusiometer (see 
Addendum). 

Electrophoresis. Electrophoretic mobilities were deter- 
mined with a Perkin Elmer electrophoresis apparatus at 1°. 
The current passed was 8 ma. 

EXPERIMENTAL 
Method of isolation 

Fresh pigs’ hearts were cleaned of fat and connective tissue, 
minced, and washed with large quantities of tap water until 
the washings were almost colourless. The washed mince was 
squeezed in cheesecloth, and homogenized with three times 
its weight of cold 0-01 m-NujHPOa for 3 min. The homo- 
genate was spun for 30 min. at 1800 g in an International 
Scrum Centrifuge, and the supernatant poured from the 
residue. The pH of the supernatant was adjusted to 5-2 with 
1 M-acetate buffer, and the inactive precipitate centrifuged 
off. The clear, slightly reddish supernatant contained 
fumarase in almost the same quantities as the supernatant 
before adjusting the pH to 5-2, but the protein concentration 
was reduced to 10-14% of the initial value. The fumarase 
was then adsorbed quantitatively on Ca3(P04)2 gel. The 
amount necessary varies from preparation to preparation, 
and must bo determined by pilot lots for maximum yield 
of cnzj-mc. It is generally in the range of 4-7 ml. of gel 
(containing 30 mg. dry wt./ml.) for 100 ml. of solution. The 
CfljiPOjlj was centrifuged and the supernatant discarded. 
The enzjTno was next eluted from the gel -with cold 0-1 m- 
phosphntc buffer, pH 7-3, containing 50 g. (1^4)2804(1. The 
fumarase can bo eluted almost quantitatively from the gel- 
three to four elutions are sufficient to remove the bulk of the 
enzyme. The combined eluates were then fractionated 
between 45 and 60% saturation -with (NHij^SOi, the 45- 
60% fraction containing the enzyme. This' fraction was 
dissolved in distilled water, and dialysed overnight against 
distilled water. Considerable purification was then achieved 
by the addition of small amounts of Caj(P04)2 to this con- 
wntrated protein solution. Sufficient CajlPO,). was added 
to combine vnth impurities, but not sufficient to adsorb 
fumarase. The quantities vary from one preparation to 


Like 


enzymes, fumarase 


protefa in it gi^,, . ,tro„g W„et 

alkalinity. It is reasonably stable over the 
pH range o-9. The crj-stals are faintly birefrinaent 
m polarized light, and do not contai^ a^ SSf 


m 0-01 M-phosphate 
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Table 1. Details of a representative preparation of fumarase 

Protein 



Activity 

concn. 

Purity 

Volume 

Total 

Times 

Yield 

Treatment 

(units/ml.) 

(dimi.)* 

(units/d) 

(ml.) 

units 

purified 

{%) 

Pigs’ hearts homogenized with O-Olsi- 

9 

6-53 

1-37 

4800 

43000 

— 

— 

Na,HP0i. Supernatant 

Adjusted to pH 5-2. Supernatant 

8-5 

0-45 

19 

4750 

40050 

14 

94 

Added 185 ml. Ca 3 (P 04 )o gel (30 mg./ml.). 

0 

— 

— 

— 

— 

— 

— 

Supernatant 

Eluted four times with 0-lM-phosphate, 

66 

1-35 

49 

590 

39000 

36 

91 

pH 7-3, containing 50 g. (NH 4 ) 2 S 04 / 1 . 

Fractionated between 45-60 % saturation 

1050 

5-85 

180 

30 

31500 

132 

73 

with (NH 4 ) 2 S 04 

Dialysed overnight against distilled water 

750 

3-90 

192 

42 

31500 

140 

73 

Added Ca,(P 04)2 gel. Supernatant from 

0-5 ml. 

750 

3-70 

203 

42 

31500 

148 

73 

1-0 ml. 

750 

315 

238 

42 

31500 

174 

73 

2-5 ml. 

700 

2-45 

286 

43 

30000 

209 

70 

5-0 ml. 

679 

1-85 

362 

45 

30000 

265 

70 

10-0 ml. 

510 

0-85 

600 

50 

25500 

438 

59 

Added (NH 4 ) 2 S 04 to 60% saturation. 

— 

— 

— 

— 

— 

— 

— 

precipitate dissolved in 15 % sat. 

(NH 4 ) 2 S 04 . Crystallized 

Crystals dissolved in 0-01 il-phosphate 

1200 

0-48 

2500 

15-1 

18100 

1830 

42 

buffer, pH 7-3 

1st ReciystaUization 

1800 

0-62 

2900 

9-5 

17100 

2110 

40 

2nd Recrystallization 

1560 

0-54 

2900 

10-5 

16400 

2110 

38 


* For definition of d/ml. see Methods. 


buffer, pH 7-3. At pH 7'3 and 20°, in the presence of & Laki (1941), the activity was l-30moles of 
0‘033M-phosphate, 1 g. of crystals is capable of fumaric acid converted to L-malic acid/min./g. 
converting 0-55 mole (i.e. 64 g.) of fumaric acid to enzyme. The activity reported by Laki & Laki 

(1941) was 0-14 mole/min./g. enzyme. 



Fig. 1. Fumarase crystals from ammonium sulphate. 2 . Fumarase crystals from O-lM-phosphate, pH 6-3. 

^ 600. 9gQ_ 

L-malic acid/min. On the basis of a molecular As indicated by previous studies with partially 
weight of about 200 000, as indicated by sedimenta- • purified preparations, crystalline fumarase has a 
tion and diffusion, this represents a turnover very high specificity, attacking only fumaric and 
number of over 100000 moles substrate/min./mole L-malic acids. Maleic, D-malic, trans- and cis- 
fumarase, under the above conditions. , aconitic, tartaric, aspartic and crotonic acids are 

At pH 6-7 and 39° in the presence of OTm- completely unattacked by even large concentrations 
phosphate, the conditions which were used by Laki of fumarase. 
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“““34' TTe^r ’’Xli.them'obUateatteepHvalaes.anextra. 

0-087 M-phosphate buffer of pH 7-34. The ^alue for the isoelectric point of fumarase is 

which are given in the Addendum, show a ™ between pH 5-0 and 5-4. Unfortunately, the electro- 
weight of 204000 under these conditions, assummg b of fumarase at pH values lower 

a partial specific volume of 0-75. n 



I ‘ i 




(c) pH 7-34. Time, 8360 sec. Ascending boundary. (d) pH 8-1. Time, 7875 sec. Descending boundary. 

Fig. 3. Electrophoresis schlieren diagrams. 


Electrophoretic bchaviotir. Electrophoresis was 
performed at pH 8-1, 7-34 and 5-8, at a constant 
ionic strength of 0-21. At these pH values the 

Table 2. Electrophoretic mobilities of fumarase 


pH 

Jlcbilitj- 

(cm.- see.”' V.”' x 10”'’) 

5-8 

0-93 

7-34 

2-25 

8-1 

2-45 


material appeared to be perfectly homogeneous. 
The results are shown in Fig. 3 and Table 2. The 
slight bumps, away from the main peaks, in Fig. 3 (c) 


than 5-8 could not be studied, because of the low 
solubility in this pH region. However, the extra- 
polated value agrees well with the isoionic point of 
pH 5-0 as determined by exhaustive dialysis of a 
salt-free solution of fumarase. 

SUMIIAIIY 

1. The isolation of crystalline fumarase and 
another, as yet unidentified, crystalline protein 
from pig heart is described. 

2 . Sedimentation and diffusion constants indi- 
cate that fumarase is a homogeneous protein of 
molecular weight about 200000. 
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3. Electrophoresis studies -at three pH values 
indicate a homogeneous protein. The results give an 
isoelectric point for fumarase between pH values of 
o-O and 5'4. 

4. The turnover ntunber of fumarase is over 
100 000 at 20° and pH 7-3 in the presence of 0-033 m- 
phosphate. 

The principle of the initial stages in the purification was 
based on results obtained in an advanced class experiment 
under the direction of Dr M. Dixon, F.R.S., Dr S. J. Bach 


1952 

and Dr E. C. Webb at the Biochemistry Department, 
Cambridge. I am indebted to Dr R. Cecil and Dr A. G. 
Ogston of the Biochemistry Department, Oxford, for the 
determination of sedimentation and diffusion constants, 
and to Dr B. Conway and Mr D. W. E. James of the Chester 
Beatty Research Institute, London, for electrophoretic 
mobility measurements. I wish to thank Dr M. Dison for 
suggesting the problem and for his advice and help in this 
work. The work was carried out with a grant from the 
Commonwealth Scientific and Industrial Research Organiza- 
tion, Australia. 
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ADDENDIBI 

Sedimentation and Diffusion 


By R. CECIL A. G. OGSTON 
Department of Biochemistry, Oxford 


(Received 16 October 1951) 


A solution of fumarase containing 0-7 g./lOO ml., 
dialysed against a buffer containing 0’067 m- 
Na2HP04 and 0-017 JI-KH2PO4, was examined in 
the Svedherg oil-turbine ultracentrifuge by the 
method of Cecil & Ogston (1948) and in the Gouy 
diffusiometer (Coulson, Cox, Ogston & Philpot, 
1948). 

A sjonmetrical boundary curve was obtained 
in the ultracentrifuge, whose area represented 
96 % of the refractive increment of the solution, 
measured against diffusate. The sedimentation 
constant, corrected to its value in water at 20°, 
was 8-51 X 10“*®. 

The mean diffusion constant, corrected to its value 
in water at 20°, was 4-45 x 10“". Analysis of the 
Gouy interference pattern (Ogston, 1949) showed 


that the material was not homogeneous, but con- 
tained 7 % of rapidly diffusing material ; the 
diffusion constant of the main component was 
4-05 X 10“'*. The proportions of the main com- 
ponent estimated by the ultracentrifuge (96 %) and 
by diffusion (93 %) agree within the accuracy of 
these estimates. The presence of some rapidly 
diffusing material might have been due to incom- 
plete dialysis. 

Using the corrected value for the diffusion con- 
stant of the main component and assuming a value 
of 0-75 for the partial specific voliune, a value of 
204000 is obtained for the molecular weight. 
Although this is derived from quantities measured 
at a single concentration, it is not likely to differ 
much from the true value. 
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The Bound Nucleotide of the Isolated Myofibril 

By S. V. PERRY 

Biochemical Laboratory, University of Cambridge 
{Beceived 22 November 1951) 




been the subject of considerable investigation. The 
original claim that ATP vfas split during the trans- 
formation of G-actin to fibrous actin (P-actin) has 
been substantiated by the -work of Laki & Clark 
(1961) and Szent-Gyorgyi (1951), but the work of 
these authors does not support the view that 
depolymerization is accompanied by resynthesis of 
ATP. On the other hand, Dubuisson & Mathieu 
(1950), whilst confirming that ATP is present in 
G-actin preparations, could not detect any change 
in phosphate distribution or any change in free 
phosphate during polymerization. Although the 
above investigators do not agree as to the role of 
ATP in the polymerization of actin, all confirm that 
ATP is a component of normal G-actin preparations, 
whereas Snellman & Gelotte (1951), using chromato- 
graphic techniques, were unable to detect any ATP 
or adenosinediphosphate (ADP) in either G-actin or 
F-actin. These authors consider that the prosthetic 
group of actin is a dinucleotide containing adenine 
and a so-far vmidentified base which can occur in 
phosphate rich and phosphate poor forms, corre- 
sponding to G-actin and F-actin respectively. 

Actin is not alone in its property of binding ade- 
nine nucleotides, for Buchtal, Deutsch, Knappeis 
& Munch-Petersen (1949) have shown that when 
myosin and actomyosin are treated with ATP, 
some nucleotide is boimd to the protein in such 
a way that it cannot be removed by repeated 
washing. 

The investigations so far mentioned have been 
carried out on extracted purified myofibrillar pro- 
teins and the nucleotide content of the intact 
myofibril has received little attention. Using ultra- 
violet absorption methods Caspersson & Thorell 
(1042) claimed to have demonstrated the localiza- 
tion of ATP inthelband of resting muscle. It is not 
possible, however, to decide wliether their results 
were due to adenine nucleotide or to the small 
amount of nucleic acid which occurs in the myo- 
fibril (Perry, 1962). In an earlier communication 
(Perry, 1051) a method employing collagenase 
was described for the isolation of myofibrils in 
comparatively small quantities. Preliminary- an- 
alyses of these preparations indicated that the iso- 


isolating 'myofibrils in larger quantities which has 
considerably facilitated the investigation. The acid- 
labUe phosphorus of myofibrils obtained from 
skeletal and cardiac muscle of the rabbit, and rat 
skeletal muscle, is rather constant in amount. In 
rabbit skeletal muscle it arises from ATP and ADP 
bound to the myofibril in a manner which renders 
these nucleotides inaccessible to the enzymes which 
normally attack them. This nucleotide fraction 
consists predominantly of ADP, and the quantities 
present are compatible with the view that it is 
associated with F-actin in the isolated myofibril. 

METHODS 

Preparation of myofibrils. Muscle fiom the hind legs and 
back of a rabbit was quickly dissected out, chilled in ice and 
minced. The mince was homogenized in a Waring Blendor 
fo^2 min, with 8 vol. of 0-08M-borate buffer, pH 7-1. This 
and all subsequent operations were carried out at 0“. 
Centrifugation of the homogenate for 15 min. at 600 g was 
usually sufficient at this stage to give a compact sediment 
which was resuspended in the same volume of borate buffer 
as was used to make the original homogenate. The sus- 
pension was homogenized again for 2 min. This homogenate 
was centrifuged for 20 min. at 600 g, the turbid supernatant 
discarded and the lighter-coloured upper layer of the sedi- 
ment carefully removed with the aid of a little borate 
buffer. This upper layer, which consisted mainly of myo- 
fibrils, was freed from coarser material by centrifugation for 
5 min. at 300 g. 

The myofibrils were washed free from granules (Perry, 
1952) and soluble sarcoplasmic components by repeated 
resuspension in borate buffer followed by centrifugation for 
20-30 min. at 600 g. To obtain a suspension of myofibrils 
which contained less than 2% of protein in solution, 4r-5 
centrifugations were necessary. These centrifugations were 
earned out as rapidly as possible because, after standing 
some hours in borate buffer, the myofibrils became in- 
creasmgly difficult to centrifuge down at 600 g. It is desk- 
able to keep the centrifugal field at this figure to ensure a 
satisfactory separation of granules and myofibrils. After an 
additional centrifugation at 300 g- for 6 min. to remove any 
mma^g large particles and myofibrils which may have 
denatured aud clumped, the preparation was stored at 0° in 
th^resence of a trace of toluene. The stored suspension was 
very wscous and usuaUy contained 10-15 mg. protein ner 
ml. By this method 5-10 g. of myofibrils eomrea^yZ 



496 


S. V. PERRY 


obtained from 200 g. of minced muscle. When examined 
microscopically -with the aid of methylene-blue stain the 
preparations could be seen to be free from other com- 
ponents. 

Isolation of nucleotide preparation. Myofibrils -were 
washed tTOce by centrifugation and resuspension in distilled 
water to remove most of the borate buffer and the free 
phosphate which leaches out of these structures on standing. 
One volume of cold 60% (w/v) trichloroacetic acid (TCA) 
was well stirred into 11 vol. of the myofibril suspension. 
After standing for 20 min. at 0° the fibrous myofibrillar 


1952 

by following the fall in absorption at 265 mp. when the 
nucleotide was treated with (1) adenylic 5-deaminase, 
(2) myokinase and adenylic 5-deammase, (3) potato pyro- 
phosphatase and adeinylic 5-deaminase. The enzyme pre- 
parations and the experimental procedures -were carried out 
as described by Kalckar (1947). 

Acid-labile P. The inorganic phosphate liheraied when the 
TCA extract of the myofibrils, or an aqueous solution of the 
nucleotide preparation, were heated with n-HCI for 10 min. 
at 100°, was estimated by the method of Fiske & Suhbaroiv 
(1925). 


Preparation 

9/6 

5/6 


Table 1. Acid-labile phosphorus content of isolated myofibrils 


Condition 

. Source 

Acid-labile P 

Mg- 

myofibril) 

Myofibrils stored at 0°: 

5 days 

Rabbit skeletal 

111 

26 days 

Rabbit skeletal 

82 

Myofibrils stored at 0°: 

1 day 

Rabbit skeletal 

121 

7 days 

Rabbit skeletal 

121 , 

9 days 

Rabbit skeletal 

100 

24 days 

Rabbit skeletal 

100 

Treated 2 days with 0-5 m-KC1 

Rabbit skeletal 

83 ■ 

Dialysed 2 days against 0-5M-KC1 

Rabbit skeletal 

63 

Freshly prepared 

Rabbit psoas 

108 

Muscle kept 3 days at 0° (rigor) 

Rabbit psoas 

114 

Freshly prepared 

Rat hind leg 

116 

Freshly prepared 

Rat hind leg 

92 

Muscle stored 1 day at 0° (rigor) 

Rat hind leg 

146 

Muscle stored 1 day at 0° (rigor) 

Rat hind leg 

100 

Freshly prepared 

Rabbit heart 

88 

Freshly prepared 

Rabbit heart , 

88 

Muscle stored 4 days at 0° (rigor) 

Rabbit heart 

111 


7/8 
3/8 
17/10 
24/10 
18/10 
31/10 
24/10 
11/10 
31/10 

precipitate was centrifuged down and the supernatant 
filtered. When the clear filtrate had been extracted four 
times with ether to remove the bulk of the TCA, the aqueous 
layer was freed from ether by distillation in vacuo in the cold 
and finally freeze-dried. 

The dry, white residue consisting mainly of borate, which 
acted as a convenient carrier for the nucleotide, was ex- 
tracted three times -with ether to remove the last traces of 
TCA, and then dried and stored in a vacuum desiccator at 0°. 
All stages of this preparation were carried out in the cold to 
avoid the breakdown of acid-labile phosphate. The efficacy 
of these precautions was shown by the fact that the ratios of 
free to acid-labUe P in the original TCA extract and the final 
nucleotide preparation were identical. 

Enzymic analyses. Myosin, freed from myokinase by 
repeated precipitation, was prepared by the method of 
Bailey (1942), and myokinase as described by Colowick & 
Kalckar (1943). Nucleotide preparation corresponding to 
10-20 pg. of acid-labile P was incubated with the enzymes 
individually, and then with both together, in the presence of 
0-lM-glycine buffer, pH 9-0, and 0-005 M-CaClj; final vol. 
2 ml. Incubations were carried out for 30 min. at 33°. 
Extra enzyme added at the end of this period induced no 
further splitting of phosphate, indicating that the reaction 
had gone to completion. 

Spectrophotometric analysis for adenylic acid, ADP and 
ATP was carried out with the Beckman spectrophotometer 


RESULTS 

TCA extracts of myofibrils from fresh rat and rabbit 
skeletal muscle contained acid-labile P ranging m 
amount from 90 to 140 pg./g. of myofibril (the dry 
weight of the myofibril was taken as six times the 
nitrogen content). Values within this range were 
also obtained from muscle (rabbit psoas and rat 
hind -leg) which had been allowed to go into rigor by 
storing at 0°. 

Continued washing with 0-08M-borate, pH 7-1, 
did not remove the acid-labile P from the myo- 
fibrils ; after storing the suspensions in this buffer for 
3—4 weeks at 0° the amoimt had fallen by only 
20-30 %. During storage the acid-labile P remained 
bound to the myofibril and no significant amount 
could be detected in the clear supernatant obtained 
by centrifuging the suspension for 10 min. at 
7000 g. Table 1 summarizes these results and also 
indicates that treatment with M-potassium chloride, 
which rendered 75-85 % of tlie total protein of the 
myofibril soluble, only slightly reduced the acid- 
labile P level. A rather greater decrease was ob- 
tained in one experiment when a 0 - 5 M-potassium 
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chloride extract of SSon M^topresenS^^of large aiJounts^of 

against 0-5M-potassa^ chloride ^ phosphorus was split from the nucleotide 

Expertots mthte^^^ with in amounts which approached the total organm P 

content. Under comparable conditions, strangely 


acid-labile P level is similar to that obtained with 
skeletal inyoflbrils. It should be noted, however, 
that preparations from heart were not usually as 
satisfactory as those from skeletal muscle, because 
cardiac tissue does not break down so readily into 
single myofibrils and the latter are not so easily 
separated from granules. 

Fig. 1 is the ultraviolet absorption curve given 
by a preparation of nucleotide from well washed 
skeletal muscle myofibrils. The curve shows a 
maximum at 259 m^. and is in general similar to 
that given by the adenosine polyphosphates. For a 



Wavelength (mp,.) 

Fig. I. Ultraviolet absorption of nucleotide from ■washed 
muscle myofibrils. 


enough, the enzyme split only the aoid-labue P ot 
an ATP preparation, though it did slowly attack 
adenylic acid. Bailey (1949) and Krishnan (1949) 
have pointed out that there is some phosphatase (or 

Table 2. Analysis of nucleotide preparation 
using myosin and myokinase 

(Results expressed in ^g./g. of nucleotide preparation.) 
Nucleotide preparation 

Free P 
Acid-labile P 
Total organic P 

Total organic P j.gg 

Acid-labile P 

Acid-labile P calculated from amoimts 
of ATP and ADP determined 
spectropbotometrically 
P liberated by myosin 
P liberated by myosin and myokinase 
Acid-labile P due to ATP 
Acid-labile P due to ADP 
Moles ADP as % moles ADP plus ATP 

nucleotidase) associated with the Kalckar potato 
pyrophosphatase preparation. If the pyrophos- 
phatase is used in low concentration and particu- 
larly if the adenylic acid is removed as it is formed, 
as in the Kalckar spectrophotometric estimation of 
the adenine nucleotides, interference by the phos- 
phatase activity is small. 


N2 

N3 

603 

1213 

831 

1395 

— 

2762 

— 

!■ 

770 

1485 

107 

179 

604 

1168 

214 

358 

390 

810 

79 

82 


number of reasons it seemed likely that ADP or 
ATP could be responsible for the acid-labile P of the 
myofibril ; to determine whether this was the case, 
and if so to estimate the amounts of the two poly- 
phosphates, the nucleotide preparation was an- 
alysed by determining the amount of phosphate 
split from it by myosin, and then by myosin in the 
presence of myokinase. Table 2 shows that myosin 
nlono split only a fraction of the acid-labile P 
whorens with mj'okinase 75-90% was liberated as 
inorganic phosphate. From these experiments it 
can bo concluded that the acid-labile P arises from 
a mixture of ATP and ADP, with the latter making 
up nboul. 80 % of the whole. In no case was the total 
ncid-Iabilc P split by these enzymes acting in com- 
bination. This does not necessarily^ mean that other 
compounds containing acid-labile P are present, for 
the exjicricnce of other workers (cf. Bailey, 1949) 
with myosin and myokinase acting in combination 
indicates that, it is extremely difficult to get com- 
plete hydrolysis of the acid-labile P oven with the 
purest samples of ATP and ADP. 

Potato pyrophosphatase prepared by the method 
of Ivalckar (1947) liberated rather more than the 
IVmrlipm. 1952, 51 


Table 3. Relativeproportions of adenosinephosphates 
in nucleotide fraction isolated from rabbit myofibrils 

(Figures for each preparation represent the average of 
two or more estimations.) 



Age of 

(Moles % total moles 
adenine nucleotides) 

Nucleotide 

myofibril 


preparation 

Adenylic 

preparation 

(days) 

acid ADP ATP 

N2 

10 

17 75 8 

N3 

1 

13 79 8 

Average 


15 77 8 


In Table 3 are shotvn the results of enzymic 
analyses for the adenosine phosphates carried out 
by the method of Kalckar (1947). Although these 
estimations indicate a higher relative proportion of 
ADP than was obtained by assay with myosin and 
myokinase, the results given by the two methods 

are m satisfactory agreement, considering their 
accuracy (Table 2). S ir 


r , . on the adsom- 

tion of ademne nucleotides on myosin and actl 
n^yosm, suggests that during the preparation of 
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myofibrils, nucleotides could be picked up from 
solution and adsorbed on these structures in a 
similar way. The rather constant composition and 
amount of the nucleotide fraction associated with 
the myofibrils makes such an explanation unlikely, 
a view which is supported by the following experi- 
ment. ATP was added to myofibril suspensions in 
O-OSii-borate buffer, pH 7T, so that the final con- 
centrations of acid-labile P were 10 and 100 times 
that boimd to the myofibrils. At the higher ATP 
concentration the myofibrils had very obviously 
synaeresed, but in all cases after washing by centri- 
fugation, and resuspension in the borate buffer, 
there was no significant difference between the acid- 
labile P content of the control myofibrils and those 
treated with ATP. For (a) control myofibrils, (6) 
myofibrils treated with ATP equivalent to 10 times, 
and (c) myofibrils treated with ATP equivalent to 
100 times their acid-labile P content, the results 
were 127, 143 and 131 ^g. of acid-labile P/g. 
respectively. 


1952 

the myofibril. The ultraviolet absorption spectrum 
of the nucleotide preparation did not show any 
evidence of a maximum at 250 m/x., the position of 
maximum absorption by inosinic acid. 

The fact that the acid -labile P is not split off from 
the myofibrils when muscle passes into rigor 
probably accoimts, in part at least, for the residue of 
easily hydrolysable phosphate reported by Bendall 
(1951) to be present in rigor muscle. 

The amoimts and relative proportions of adenylic 
acid, ADP and ATP are similar to those which 
would be expected if all the nucleotides were con- 
sidered to be associated with actin in the fibrous 
form in the intact myofibril. If actin makes up 
20 % of the myofibrillar protein (cf. Hasselbach & 
Schneider, 1951), the actin present in the myofibril 
would have a nucleotide content which is similar to 
that of the extracted F-actin analysed by Szent- 
Gyorgyi (1951). It is a matter of some interest to 
decide whether actin exists in the globular or fibrous 
form in the living cell. To assess the true significance 


Table 4. Nucleotide, content of actin and isolated myofibrils 


(Results expressed as pmoles/g.) 


Materia 

Adenylic 

acid 

ADP 

ATP 

Authority 

Myofibrils* 

0'88 

2*7 

047 

— 

Actin in myofibrilsf 

4.4 

13*5 

2'3 

— 

F-actin 

— 

. — 

8-5 

Laki, Bowen & Clark (1950) 

F-actin 

1-6 

11-7 

24 

Szent-Gyorgyi (1951) 

G-actin 

— 

— 

34 

Laki et al. (1950) 

G-actin 

— 

— 

9-8 

Laki d at. (1950) 

G-actin 

— 

— 

23 

Straub & Feuer (1950) 

G-actin 

— 

— 

12-39 

Dubuisson & Mathieu (1950) 

G-actin 

2-1 

1-9 

7-8 

Szent-Gyorgyi (1951) 


* These values are obtained by taking 6'9 as the molar ratio of ADP to ATP (average of the results obtained by the 
two methods described) in rabbit skeletal myofibrils containing 113 /xg. of acid-labile P/g. 

t Calculation made on the basis that all the nucleotide is associated with the actin which makes up 20 % of the total 
myofibrillar proteins. 


DISCUSSION 

From the evidence presented it would appear that 
the nucleotides associated with the myofibrils are 
bound to its structure in such a way that although 
the system contains myokinase and an active 
adenosinetriphosphatase (Perry, 1951) they are 
not attacked by these enzymes ; that is, so far as can 
be judged by the maintenance of the acid-labile P 
level in stored myofibrils. In this respect the bound 
ADP of the myofibrils showed some differences 
from that associated with F-actin, for Laki & Clark 
(1951) have reported that a short time after the 
addition of salt to G-actin, practically no ADP 
could be found. This effect they attributed to the 
myokinase activity of their actin preparations. 

In addition to ADP and ATP, adenylic acid is 
also present and this compoimd also must be un- 
available to adenylic deaminase which is present in 


of the state of the nucleotide in the isolated myo- 
fibril it must be known whether the system is in the 
relaxed or the resting condition because it is possible, 
although it has yet to be proved, that contraction is 
accompanied by a change in the state of poly- 
merization of actin. Electron microscope examina- 
tions (kindly carried out by Mr R. W. Home of the 
Cavendish Laboratory) of myofibrils isolated by the 
method described in this paper show the I band to 
be shorter than the A band, suggesting that at some 
stage of the preparation a certain degree of con- 
traction had taken place. It must be concluded 
then that the actin in the isolated myofibril corre- 
sponds to the contracted or partly contracted state. 

In Table 4 the nucleotide analyses of actin carried 
out by various authors are presented. The con- 
siderable variations in these values probably reduce 
their reliability, and they should be compared with 
the rather constant values for the acid-labUe P of 
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isolated myofibrils as shown in Table 1 . Many of the 
actin prepEirations have higher ATP values than 
might be expected in view of the low amount of this 
nucleotide in the well washed muscle residue from 
which actin is extracted, and which must consist 
mainly of myofibril residues. Straub & Feuer 
(1950) fotmd insignificant amoimts of ATP in the 
acetone-dried fibre from which they extracted G- 
aotin and concluded that ATP was produced during 
the water extraction of the fibre. 

Assuming that the adenine content of the isolated 
myofibril is compatible with that found in vivo it is 
possible to speculate on the ATP distribution within 
the muscle cell. Normal muscle contains powerful 
ADP phosphorylating systems and it is likely that 
in the resting state all the adenine exists as ATP. 

This would mean that about 10% of the ATP 
content of the cell is associated with the myofibrils. 

As the latter occupy about two-thirds of the cell 
volume, the concentration of ATP in the extra- 
myofibrillar space, which is occupied by the sar- 
coplasm, will be 18 times that in the myofibril, 
assuming that the myofibrils are not interpene- 
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trated by the sarcoplasm, or alternatively that any 
ATP which does penetrate into them is broken 
down. This concentration gradient must be an im- 
portant factor affecting the accessibility of ATP to 
the enzyme associated with the contractile structure, 
the myosin adenosinetriphosphatase. 

SUMMARY 


1. A non-enzymic method for the isolation of 
myofibrils from rabbit skeletal muscle has been 
described. 

2. Myofibrils from cardiac and skeletal muscle of 
the rabbit and skeletal muscle of the rat contained 
90-140 fjLg. of acid-labile phosphorus per gram. 
Similar values were obtained with rigor muscle. 

3. The acid-labile phosphorus of myofibrils 
isolated from rabbit muscle arises from adenosine- 
diphosphate, and to a lesser extent, adenosinetri- 
phosphate. These nucleotides are bound to the 
myofibril in such a way that they are not acted 
upon by the enzymes occmring in myofibril which 
normally attack them. 
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(1942), came to the conclusion that the animals, in 
the urine of which urocanic acid had been observed, 
were abnormal. 


HN 


\ 


CH=GH.C0,H 
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Edlbacher and his co-workers (see review by 
Edlbacher, 1943) isolated from liver two enzymes 
which might play an important part in the break- 
down of histidine. One of these, to which he gave 
the name histidase, degrades histidine to glutamic 
acid, formic acid and ammonia by fission of the 
iminazole ring. The other, nrocanase, performs a 
similar fimction on urocanic acid. Edlbacher did 
not prove the existence of an enzyme capable of 
directly removing the amino group from histidine ; 
and although he published a scheme showing the 
possibility of two distinct pathways for histidine 
breakdown, he considered that his evidence 
precluded the existence of a path requiring the inter- 
mediary production of urocanic acid. 

Tlie gravimetric methods whereby urocanic acid 
was first isolated were only applicable to the con- 
siderable quantities available in large volumes of 
urine, and could not be used easily on liver tissue or 
extracts. The method employed by Edlbacher & 
Bidder (1942), although more sensitive, could not 
be used to identify urocanic acid in the presence 
of histidine, since it employed a colour reaction 
characteristic of glyoxalines generally. 

To determine whether histidine is at least parti- 
ally converted to urocanic acid in the hver and sub- 
sequently broken down to glutamic acid by uro- 
canase, it was essential to have available methods for 
identifying this possible intermediate in small 
quantities in the presence of histidine. The present 
paper records the use of two such methods. By these 
means, although no urocanic acid has been identi- 
fied in whole liver extracts, presmnably owing to the 
simultaneous presence of urocanase, an enzyme has 
been demonstrated which is capable of producing 
the unsaturated acid from histidine. 


aiETHODS 

Measurement of ultraviolet absorption 

All the ultraviolet absorption data were obtained on a 
Beckman spectrophotometer, model DU. AH the solutions 
were aqueous, and where values are given indicating 
differences in absorption between a test solution and a 
control, the absorption figures for each were measured 
separately against water as a blank and the difference 
obtained by subtraction. 

Paper chromatography 

Paper chromatograms of pure substances and of prepara- 
tions from enzyme solutions were carried out in an upward 
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direction (Williams & Kirby, 1948) on Whatman no. 4 
paper. Two solvent mixtures were employed: (a) butanol, 
50 ml.; water, 60 ml.; glacial acetic acid, 12 ml., the al- 
coholic layer being used after equilibration; ( 6 ) a miscible 
mixture; butanol, 40 ml.; ethanol, 10 ml.; water, 50 ml. 

The chromatograms were developed, after a run of 
2-4 hr. at 30°, by spraying successively with a cold aqueous 
solution of diazotized p-chloroaniline (Edlbacher, Baur, 
Staebehn & Zeller, 1941) and x-NaOH. The latter spray 
could be replaced by suspension of the paper in an atmo- 
sphere of NH 3 vapour. The colours which varied between 
yellow and red persisted strongly, assuming a more intense 
red colour with age. 

Preparation of urocanic acid 

Urocanic acid was prepared by decarboxylation of a 
sample of 4(5)-glyoxalinylmethylenemalonic acid, which 
was kindly supplied by Dr A. Neuberger, F.R.S. The method 
of decarboxylation was essentially that of Akabori, Ose & 
Kaneko (1940) employing boiling pyridine. Most of this 
reagent was removed by distillation under reduced pressure 
and impure urocanic acid precipitated on pouring the 
residue into ether. Persistent washing with ether was 
necessary to ensure the removal of all the pyridine; the acid 
was then recrystaUized from water to give material with a 
m.p. (uncorr.) of 226-228°. The absorption curve for this 
material is given in Kg. 1. Purity of the sample was deter- 
mined in two ways. Keedom from pyridine was proved by 
the absence of the characteristic absorption peak of pyridine 
at 256 mg. Keedom from malonic acid derivative was 
proved by partition chromatography .j The Bp values of 
4(5)-glyoxalinylmethylenemalonic acid and urocanic acid 
in butanol-acetic acid are respectively 0-30 and 0'62; thus 
separation is complete and small amounts of the malonic 
acid derivative can be detected in the presence of large 
quantities of urocanic acid. 

A further sample of urocanic acid was obtained by an 
adaptation of the method of Engeland & Kutscher (1913) for 
the production of histidine betaine, and its subsequent 
breakdown to urocanic acid and trimethylamine by the 
method of Barger & Ewins (1911). The material prepared by 
this method had properties identical with those of the 
sample prepared from 4 ( 5 )-glyoxalinylmethylenemalonio 

acid. 

Identification and estimation of urocanic acid 

Histidine at pH 7-4 has a relatively low absorption peak 
at 262 m/i., and the molecular extinction coefficient of 
urocanic acid at the same pH is 200 times as great. Thus it is 
possible to use ultraviolet absorption as a method for the 
identification of urocanic acid in the presence of histidine. 

The variation in intensity of absorption and in the position 
of the peak with changes in pH are such as could be ex- 
pected with an amphoteric substance. The four curves in 
Fig. 1 demonstrate the magnitude of these pH variations. 
The curve at pH 4-5 represents the absorption of urocanic 
acid in aqueous solutions at a concentration of 4 pg./nd- 
The other curves are those for the same concentration of 
the acid brought to the stated pH by the addition of NaOH 
or HCl. It was found that in the presence of acid there was 
much irrelevant absorption with the systems imder investi- 
gation and pH values aroimd neutrality were, therefore, 
always employed when examining solutions for the presence 
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Fig. 1. Absorption curves of urooanic acid (4/ig./inl.), 
brought to the pH. values indicated by the addition of 
appropriate amounts of sodium hydroxide and hydro- 
chloric acid. The curve of pH 4-5 represents the actual 
curve of the acid dissolved in distilled water. 


HISTIDINE AND UROCANIC ACID 

oVumLcacid. For although the peah at 278 m.. is lower phosphate appears to retard the diminution of 

it is well defined owing to the pronounced muuma at near y ^ variations in absorption which are men- 

wavelengths. ^ preceding sections, it is impossible to 

obtain quantitative comparisons between solutions with 
entirely different pre-treatment, but for comparison of two 
solutions which have been treated in an identical manner, 
the method is regarded as quantitative. Over the range of 
l-9pg./ml. in aqueous solution, the relationship between 
absorption and concentration of urocanic acid is linear. This 
covers the whole effective range of the spectrophotometer, 
using a 10 mm. cell. Higher concentrations can be read after 
dilution. 

Examination of liver extracts 

Choice and preparation of material. In most of the work 
reported here, cat-liver extracts were employed, but the 
technique was identical with extracts prepared from the 
livers of other animals. Livers were removed from cats 
killed by severance of the carotid artery and were washed 
free of superficial blood. The tissue was macerated to a fine 
cream in 2-5 times its weight of physiological saline. The 
grosser debris after 20 min. in the macerator {Townson & 
Mercer top-drive type) was removed by filtration after 
addition of kieselgvdir equivalent to half the wet weight of 
the liver. The resdtant opalescent solution was poured into 
2 vol. of acetone at a temperature of less than 5°. The pre- 
cipitate was filtered off at the pump. The cake, washed once 
with acetone, was dried at room temperature and stored at 
0°. The powder was not completely soluble in water or the 
buffer used, but by agitation could be brought into a 
sufficiently fine suspension to withstand centrifuging under 
a force of 3500 g-. 

Properties of the extract poioder, A sample of the original 
macerate, filtered through a 3 mm. layer of paper pulp on 
a sintered funnel, gave an indeterminate curve showing 
marked absorption in the range 240-300 mp., but no peak 
at 278 mp. After ultrafiltration through a collodion mem- 
brane most of the absorption disappeared, showing it to be 
due to material of large mol.wt. There was no peak in the 
region of that associated with urocanic acid. Similar experi- 
ments on an aqueous or phosphate buffer extract of the 
acetone-dried powder prepared from the macerate failed to 
demonstrate the presence of any material with properties 
similar to urocanic acid. A sample of the extract from an 
acetone-dried powder that had been kept for 2 months at 0°, 
showed a marked peak in the neighbourhood of 278 mp. 
Dialysis of the sample against running water for 24 hr. 
completely removed the peak, showing the material 
responsible for the absorption to be water-soluble and of low 
mol.wt. 

Activity of liver powder 

Tire incubation of a fresh acetone-dried liver 
e^ract with histidine caused a marked increase in 
absorption with a peak at, 278 mp. Such an 
mcrease was produced by a heat-labile system, no 
mcreased absorption being observed when histidine 
was mcubated with boiled preparations. The same 
histidme a-deammase is suggested for the enzyme 



I'ig. 2. Tl)c effect of phosphate ion concentration on the 
extinction coefficient at (278 mp.) for solutions of 
uroe.-inic acid brought to pH 7 with sodium hydroxide. 

Since in many of the systems to be examined, phosphate 
wa.s present, it.s effect on the absorption was examined. As 
c.m bo seen from Fig. 2, the absorption is considerably in- 
emased hy the presence of even small concentrations of 
phosphate. Although the rate of increase falls off above a 
phosphate concentration of more than O-Oa.M, there is a 
slight Imt steady increase at greater concentratiom;. The 
graph show.s the absorption at 278 mp., and pH 7-G This 
enect was also obsen-ed with borate-, but not with other 
commonly occurring ions. 

8oh.,ions of umranic acid, kept at normal temperatures 
m drffnse dayhgh show variable changes in absorption 
1 he value way fall by as much as 20% in 3-4 days, tot the 
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the following procedure was employed for assessing the 
amount of enzyme in a given preparation. Enzyme powder 
(50 mg.) and sohd phosphate buffer mixture, pH 7-6, 
(50 mg.) were dissolved in 5 ml. of water. To this mixture 
was added 5 ml. of a solution of histidine hydrochloride in 
water (1 mg./ml.) brought to pH 7'6 with NaOH. Water 
(5 ml.) was added in the case of the blank. The preparations 
were incubated at 30° for 18 hr. in the presence of 0-2 ml. of 
toluene in 60 ml. flasks covered with a 30 ml. beaker. After 
incubation the flasks were placed in boiling water for 6 min. 
to inactivate the enzyme, coagulate the protein and 
remove the small quantity of toluene. The solid was then 
removed by centrifuging, and the volume of the supernatant 
made up to 10 ml. 1 ml. of this solution was diluted with 
water to 60 ml., to give the solution for measurement in the 
spectrophotometer. The curves observed on incubation of 
the enzyme in the presence and absence of histidine are 
given in Pig. 3. ' 



Pig. 3. Absorption curves of enzyme and enzyme-sub- 
strate mixtures after incubation at pH 7-8 for 18 hr. 
50 mg. liver powder, 50 mg. phosphate bufier powder, and 
either 10 ml. of a Od % solution of histidine hydro- 
chloride or 10 ml. of water. 

Evidence for the identification of the enzyme 
'product as urocanic acid 

Examination of the material produced during the 
incubation of the enzyme preparation with histidine 
showed that changes in absorption brought about by 
pH were identical with those observed in pure 
solutions of urocanic acid. For this experiment 
buffer solutions or acid or alkali were used instead of 
water for the 60-fold dilution prior to measurement 
of the absorption. The ehanges observed are exactly 
as those shown in Fig. 1. 

For the cliromatographic identification of the 
material as urocanic acid all the quantities em- 
ployed in the normal test were multiplied ten times. 
After the completion of the incubation period and 
after the coagulation and removal of most of the 
protein by filtration, the solution was concentrated 
to 3 ml. under reduced pressiue, and the smaller 
molecules separated from the residual protein by 
ultrafiltration through a collodion membrane. 
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A chromatogram of this material in butanol/acetic 
acid showed two main spots and two fainter ones. 
The Rp values of these and of a number of other 
imidazole derivatives are given in Table 1. In 
butanol/ethanol/water the movement of the lower 
two spots was only slight, and only after very long 
runs did separation occur. The two main spots 
coincide with those for histidine and urocanic acid; 
the other two have not yet been identified. 

Table 1. Rp values of certain glyoxaline derivatives in 
butanol I acetic acidiwater and butanol/ethanoll 
water mixtures 

(The two unknown substances 1 and 2, were produced by 
the action of the liver preparation on histidine.) 


Rp 


Substance 

f 

Butanol/acetic 

acid/water 

Butanol/ 

ethanol/water 

Urocanic acid 

0-60 

0-43 

Histidine 

0-11 

0-10 

j8-Glyoxalinylpropionyl 

0-25 

0-37 

chloride 

Glyoxalinylmethylene- 

0-30 

— 

malonic acid 

Methylglyoxaline 

0-39 

0-52 

Dicarboxyglyoxaline 

O'O 

0'09 

Unknown substance 1 

0-29 

0-35 

Unknown substance 2 

0-13 

0d4 


Distribution of properties of the enzyme 

The enzyme has been shown to be present in the 
livers of cats, rats, rabbits and dogs, but not in the 
following tissues : the pancreas, kidney, duodentun, 
stomach, spleen and thyroid of the pig or heart of 
the horse. Nor is it present in Escherichia coli cells, 
although a casual contaminant of a histidine solu- 
tion, which proved to be a Gram-negative diplo- 
coccus, produced a filtrate containing urocanic acid 
after 3 weelis at 18°. 

Table 2. The effect of changes in concentration of 
enzyme and substrate on the ultraviolet absorption 
of histidinejhistidine x-deaminase systems, after 
incubation at 30° /or 18 hr. at pH 7-6 

(The difference in S'f' 278 ro-fi. was calculated by 

subtracting the curve obtained from the control enzyme 
preparation incubated without histidine, from that ob- 
tained after incubation in the presence of histidine. This 
also applies to the optical density figures in Table 3.) 


Concentration 
of liver 
powder added 
(mg./ml.) 

Difference in Fmai.. 
Concentration of added histidine 
(mg./ml.) 

A - . 

f 

0-1 

0-2 

0-5 

1-0 

0-5 

0-007 

0-010 

0-018 

0-028 

1-0 

0-009 

0-013 

0-023 

0-039 

2-0 

0-019 

0-026 

0-038 

0-056 

6-0 

0-027 

0-051 

0-084 

0-114 

In Table 2 are 

showm the results of a 

typical 

r* j T 


experiment in which both the concentrations of the 
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enzjTno and of the substrate have been altered. The 
constants of the enzyme reaction have not yet been 
determined, since they -will have little significance 
until purer preparations are obtained. 

Enzyme activity -was completely suppressed at 
pH values below 5 ; the pH optimum -was found to be 
in the neighbourhood of I-S. Citrate and phosphate 
buffers -were employed to cover the -whole pH range, 
and the figures for those experiments -with phosphate 
were corrected for the enhancing effect of that ion 
on absorption (Table 3). 

Table 3. The effect of changes in pH on the ultraviolet 
absorption at 278 m/x. of histidinejhistidine a- 
deaminasc systems incubated for 18 hr. at 30°. The 
figures for the experiments with phosphate buffer are 
corrected for the enhancing effect of the phosphate ion 


{sec Fig. 2) 


Differences in 

Buffer 

pH 

optical density 

Citrate 

3-0 

0012 


3-9 

' 0-016 


5-1 

0-003 


6-1 

0-019 

Phosphate 

7-0 

0-012 

7-2 

0-008 


7-4 

0-019 


7-0 

0-098 


7-8 

0-166 


8-0 

0-144 


8-2 

0-092 


UEOCANIC ACID 

photocatalysed. Whether phosphate acts as a 
stabilizer of the trans form or enhances the a,bsorp- 
tion in some other fashion cannot yet be decided. 

The absence of urocanic acid from fresh liver 
extracts is consistent -with urocanic acid being on 
the pathway of histidine metabolism. Assuming 
that urocanase catalyses a faster reaction in the 
destruction of urocanic acid than histidine de* 
. aminase does in its production, not much urocanic 
acid would be expected to accumulate. The few 



Old enzyme preparations which show the marked 
increase in urocanic acid content mentioned above 
are almost inactive, measured by increase of ab- 
sorption on incubation with histidine. However, 
after dialysis and the removal of the urocanic acid 
the activity of the system increases to its normal 
value (Fig. 4). 

DISCUSSION 

Since it contains three conjugated double bonds, 
urocanic acid is expected to show considerable 
absorption in the ultraviolet. In fact the increase 
over histidine with only two double bonds is about 
roO-foId. Tliis raises the molecular extinction 
coefficient to a level at which it is of use in the 
estimation of the acid in biological materials. The 
\-nrinbility of the absorption renders the method not 
full\ quantitative, but it is still of use in com- 
paring similarly treated solutions. Wlten associated 
with partition chromatography, ultraviolet ab- 
sorption gives an admirable roctliod of identifying 
the acid with a reasonable degree of certainty,* but 
awaiting chemical characterization for absolute 
proof. 

The reason for t ho decay of absorption on stand- 
ing may bo associated with thopossibililv ottrans-cis 
mtercouvorsion which Edlbacher & Heitz (1943) 
have sho\m to occur quite rapidly at 100° and to be 


Fig. 4. EffeotofdialyBisonagedprepavationa. j 1, difference 
in optical density Wween enzyme and enzyme-substrate 
mixture of aged preparation before dialysis; B, similar 
curve obtained after dialysis of enzyme powder for 2 days 
against running water. The conditions of the experiments 
were in each case as given in legend to Fig. 3. 


animals which have been sho-wn to produce urocanic 
acid may not, therefore, have called into play a 
fresh metabolic pathway, hut may merely have 
suffered the blocking of a single step in an enzymic 
chain. Until it is possible to measure quantitatively 


Histidine • 


Enzyme 

A 


(a-deaminase) 


Enzyme 
(Histidase) C 


Enzyme 

B 


Unstable intermediate 



Urocanic acid 
(Urocanase) 
Isoglutamine 

(Alkaline pH) 

Glutamic acid 
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the amoiint of urocanic acid produced it will be im- 
possible to assess what fraction of the histidine is 
metabohzed by the route involving urocanic acid. 

The hypothetical system, shown on the previous 
page, proposed by Edlbacher would, however, 
appear to have more foundation in fact than he 
thought, since both enzymes A and B as well as G 
have now been shown to exist side by side in liver. 

SmiMARY 

1 . Methods for the identification of urocanic acid 
(|S-4(5)-glyoxalinylacryUc acid) based on its ultra- 
violet absorption spectrum and on its separation 
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from other iminazole derivatives by partition 
chromatography are described. 

2. No urocanic acid has been observed in fresh 
liver homogenates or extracts from acetone-dried 
powders obtained from aqueous extracts of liver. 

3. An enzyme capable of producing urocanic 
acid from histidine has, however, been shown to be 
present in such aqueous extracts. 

4. The name histidine a-deaminase is suggested 
for this enzyme. 

5. The enzyme has an optimum pH in the region 
of 7-8. 

6. It appears to be completely inhibited by the 
product of its reaction. 
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Volatile Fatty Acids of Ascaris lumbricoides from the Pig 

By VIVIEN MOYLE and E. BALDWIN* 

The Biochemical Laboratory, University of Cambridge 

{Received 9 October 1951) 


During a series of investigations of the pharmacology 
and physiology of Ascaris lumbricoides, extending 
from 1940 to 1949, our attention was constantly 
drawn to the peculiar and characteristic odour 
emitted by these parasites and by saline media in 
which specimens had been kept. Bimge (1890) 
appears to have been the first to attribute this odour 
to lower, steam-volatile fatty acids, but it was left 
to W’^einland (1901, 1904) to show that the principal 
acids present are a valeric and a caproic acid. 
Similar substances are present in another parasitic 
nematode, Parascaris equorum (Schimmelpfennig, 
1903). Flury (1912), worldng with A. lumbricoides, 
demonstrated the presence of volatile fatty acids, 
especially valeric and caproic, in the tissues of this 
worm as well as in saline media in which it had been 
kept. There has, in the past, been a good deal of dis- 
cussion regarding the origin of these acids, some 

* Present address: University College, London. 


attributing them to bacterial activity, while others 
maintain that they are produced by the worms them- 
selves. The presence of relatively very high con- 
centrations of these compounds in the body fluid 
and throughout the tissues would make it appear 
certain that the acids are produced by the worms 
themselves. A comprehensive review of earlier work 
on these acids has been given by Hobson (1948). 

Although a dozen or more authors have studied 
the chemistry of these substances, their precise 
natme is still not definitely known. The results^ of 
Kruger (1936) were perhaps the most conclusive 
data published when our own work began, but even 
these are unconvincing. He collected the acids by 
steam-distillation of large volumes of saline in 
which his specimens had been accommodated.^ By 
fractional distillation of the product he obtained 
two main fractions, one consisting of a valeric and 
the other of a caproic acid, from both of which he 
prepared the anilides. He concluded that both acids 
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are branched-chain compormds and m 

the valeric fraction (m.p. of andide 

neither the n-acid (m.p. of anihde 63 ^ 

acid (m.p. of anilide il2°),but must probably be the 
optically active methylethylacetic aeid (m.p. of 
andide of the racemic acid, 108^). “ 

acid %vas excluded on the gromds that it ’s solid at 
room temperature, ivhile Krugers fraction was 
liquid. The only confirmation in support of his 
identification of the optically active acid was the 
fact that mixtures of the anilides of the natma 
product and synthetic racemic acid, melted 
between 98 and 108°. 

As wo were able to obtain considerable amounts ol 
the acids in the course of other investigations, we 
felt it was worth while to attempt a more positive 
identification. The work reported here was com- 
pleted in 1949, but remained unpublished because 
we hoped at that time to carry it further. But in 
view of the recent work of Bueding & Yale (1951), it 
has seemed to us proper to record our observations. 
A brief account of this work was communicated to 
the Biochemical Society in London on 24 March 
1960 (Baldwin & Moyle, 1950). 


hot. The distillates were titrated vath (P 

drops of 10 n.H,SO, were added, ® 

powder was extracted in each case with about 50nd. ot 

GHCL containing 5% (v/v) n-bntanol in smaU successive 

^"Stempts were at first made to analyse the mixed aci& by 
the distmation method of Friedemann (1938), and by 
fractional orystallixation of the “ 

piperaainium salts, before and after fractional distillation 
The results obtained were discouraging, ^n^® 
the method of partition chromatography of Elsden (1946). 
This method, however, did not allow separation between 
caproic and valeric acids or between these and but^c acid. 
We were accordingly led to investigate the possibility of 
,i«in g heavily buffered silica partition columns. Details for 
their preparation and operation have already been de- 
scribed (Moyle, Baldwin & Scarisbriok, 1948), and m 
particular the performance of columns I-III. In Table 1 

Table 1. Behaviour of aliphatic acids (C2-C5) 


MATERIAL AND METHODS 

Worms were obtained from the St Edmundsbury Co- 
operative Bacon Factory, to the manager of which we wish to 
express our gratitude for a regular and abundant supply of 
material. After washing in warm water, the specimens were 
conveyed to Cambridge in largo thermos vessels containing 
the ‘keeping medium’ described elsewhere (Baldwin & 
Moyle, 1947), previously heated to 38°. On arrival in the 
laboratory the worms were drained, dried on filter paper, 
opened by n longitudinol incision and allowed to drain on a 
funnel, the stem of which was loosely plugged with glass 
wool. The clear, dcep.red perienteric fluid thus collected, 
accounted for approximately one-third of the live weight of 
the worms and contained on the average about 40 m -moles 
of steam-volatile fatly acids per litre. 

Proteins were precipitated by the addition of 0-8 vol. of 
10 n- 1!.SO| and 1-0 vol. of 30% Na tungstate. The precipi- 
tate was removed in some cases by filtration and in others by 


Butanol 

(%) 

Eluted 

By-passed 

Retained 

1 

Os) 

n 1 

(part) 

Ojand 

10 

30 

C3) 

and higher 

lower 


characteristics of columnlV, which uses as ‘buffer’ KHj'P04 
only, are given. This method was applied to our present 
problem, after preliminary distillation of the aqueous 
solution in presence of HgO (Friedemann, 1938) to remove 
formic acid. The results obtained are summarized in 
Table 2. 

RESULTS 

Fraction Cj . It was found in preliminary experi- 
ments that the mixed acids, in the form of their 
sodium salts, decolorized iodine and bromine water, 
indicating the presence of small quantities of un- 


Tablo 2. Steam-volatilc acids obtained from A. lumbriooides 


(Fj and F. were duplicate analyses carried out on one sample.) 




Percentage of total steam-volatile acids 


Sample 

f 

Cs 

Cc 

C4 

C4 

Ca 

Cj 

n 

1-4S 

40-9 . 

40-0 

1-14 

4-06 

12-4 

C 

0-78 

41-2 

1 

43-5 

1-72 

4-73 

8-23 

D 


29-8 

508 

2-75 

4-31 

12-6 

E 

0-37 

34 1 

1 

46-2 

1-S9 

5-12 

12-G 



sis 

> 

49-4 

— 

3-78 

— 

l\ 


■ ' ■ A'— ' “ ■' 

33-7 

49-3 

— 

3-93 

„ 

Averages 


S5-7 

460 

1-9 

4.4 

11-1 
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saturated or reducing substances. Preliminary 
distillation of the acids in the presence of HgO, as 
recommended by Priedemann (1938) for removal of 
formic acid, yielded distillates which failed to react 
with either iodine or bromine water. It seems 
possible that the reducing material consisted of 
formic acid, small amoimts of which have been 
formd in Ascaris by other workers, e.g. Flirry (1912). 
The amount present, calculated on the basis of 
iodine value, corresponded to only about 2 % of the 
total acids present, and we therefore did not con- 
cern omselves further with this fraction. 

Fractions Cj and . Co and Cg together accounted 
for 15-5 % of the total acids and corresponded in 
their chromatographic behaviotu’ to acetic (ll-l %) 
and propionic (4-4 %) acids respectively. 

Fraction C4 . To obtain enough of the Ci acid for identifica- 
tion we used silica partition columns 30 mm. in diameter, 
each containing 20 g. of silica and proportionate quantities 
of the other reagents. The original CHClj-hutanol extract 
(80 ml.) was placed on a column of type II and the large Gj 
and C5 fractions eluted, the first with 1 % butanol in CHCI3, 
and the second with 10% butanol in CHCI3. The column was 
then allowed to run dry, the silica removed, and, after 
intimate admixture with an excess of finely powdered 
KHSO4, extracted with 100 ml. of 10 % butanol in CHCI3, in 
successive portions. The extract was concentrated by adding 
a small excess of N-NaOH, evaporating to diyness, acidi- 
fying in the usual way and extracting with 20 ml. of 6 % 
butanol in CHCI3. The whole extract was rechromato- 
graphed on a type IV column of standard size (5 g. silica) 
and the C4 fraction eluted. A second 80 ml. sample of the 
original CHClj-butanoI extract was worked up in the same 
way. The combined C4 fractions were now neutralized, re- 
covered and again chromatographed on a type IV column. 
Titrations were carried out in the usual manner until the C4 
acid began to be eluted and subsequent samples were col- 
kcted without titration until the whole fraction had been 
eluted. Titration of a small sample indicated that, in all, 

19 mg. of the C4 acid had now been obtained in 60 ml. of 
extract. The theoretical amoimt of piperazine hexahydrate 
in ethanol was now added and the whole evaporated under 
reduced pressure. On addition of a few drops of acetone to the 
resulting oil immediate crystallization took place. After 
standing overmght at 3° the product was filtered oflt (m.p. 
115-117°; mixed m.p. with the piperazinium salt of n- 
but3Tic acid 116—117°). The product was reorystallized from 
acetone (m.p. 1 17—1 18'5° ; mixed m.p. with the derivative of 
wobutjTic acid 65° approx.). 

The C4 acid is thus identified as n-butyric acid. 
(All m.p.’s uncorr.). 

Fractions Cg and Cj . Samples of the mixed acids 
were put on to 20 g. columns of type H. The Cg 
fraction was eluted with 1 % butanol in chloroform 
and the Cg acids with 10 % butanol in chloroform. 
Fractions obtained in this way from each of several 
columns were massed together and purified on 

20 g. columns of type IH, from which the Ce acids 
were eluted with 10% butanol in chloroform, and 
Cg acids with 30 % butanol in chloroform. 
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After recovery of the acids in the usual way, the 
fractions were separately treated with the theo- 
retical amounts of piperazine hexahydrate, in 
repeated attempts to obtain crystalline derivatives, 
but in every case oily products were obtained wdiioh 
failed to crystallize, even on prolonged standing. 
Since the piperazinium derivatives of all four 
isomers of valeric acid and of n- and wo-caproic 
(hexanoic) acid were readily obtained individually 
from pure samples of each, we concluded that the 
natural Cg and Cg fractions consisted of mixtures 
containing more than one isomer in each case. 
Fruther chromatographic experiments were there- 
fore made in the hope of resolving the mixtures. 

Chromatographic examination of fraction 

Partition analysis. The behaviour of the Cg ' 
fraction on our usual buffered columns (type III) is 
depicted in Fig. 1, which also shows the results of 
running a series of mixed chromatograms with 
known acids. As previously shown (Moyle et al, 
1948), n-valeric and trimethylacetic acids are 
separable from isovaleric and methylethylacetic 
acids, but neither pair can be resolved by this 
method. The Cg fraction from A. lumbricoides 
behaves in the same way as isovaleric and methyl- 
ethylacetic acids, whether separately or in mixtures, 
and comes through significantly later than n- 
valeric and trimethylacetic acids. This led us to the 
conclusion that the Cg fraction must include 'one or 
more of three compounds, namely, isovaleric, 
(-b )- and ( — ) -methylethylacetic acids. 

Adsorption analysis. Following the indications 
given by Claesson (1946), we carried out experi- 
ments on short adsorption columns of silica, pre- 
viously dried at 800°, using pure specimens of the 
valeric acid isomers dissolved in cyciohexane. In 
this way it was foimd that n -valeric and trimethyl- 
acetic acids could be separately estimated by 
frontal analysis; mixtures of either, with other 
isomers or with the worm acid(s), could not be 
analysed. Mixtures of isovaleric and methylethyl- 
acetic acids showed no signs of separation. 

Although this part of our work failed to carry us 
any further, it is mentioned here since n-valeric and 
trimethylacetic acids are inseparable by our parti- 
tion columns. Their separation and estimation by 
frontal analysis on adsorption columns thus forms 
a useful supplement to the partition techmque. 

Further examination of Cg and Q^fraction. Having 
failed so far in our attempts to resolve either the Cg 
or Cg fractions into their isomeric components by 
chromatographic methods, we now reverted to more 
classical techniques involving the use of larger 
quantities of material. The acids used in this part 
of the work were obtained by steam distillation of 
large, bulk samples of intact worms previoi^ly 
submitted to digestion by 30% (w/v) sodium 
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No. of sample 


- X , Trimethylacetio + methylethylacetio acid; 
-1 h, trimethylaoetic + jsovalerio acid. 



No. of sample 

X X , Worm acid ; + — + , worm + mcthylethylacetio 

acid. 


::i: 



No. of sample 

X, tso-+n-Valeric acid; +— + , worm + ji-valerio 
acid. 



acid. 


Fig. 1. Chromatographic behaviour of C, 


is worm acid and isomers of valeric acid; mLved chromatogr, 


'amB. 
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hydroxide, first for several weeks at room temper- 
ature and then on the boiling-water bath, and 
subsequently acidified with sulphuric acid. 

Approximately 9 g. of the mixed worm acids were re- 
fluxed for 5 hr. with 40 ml. dry methanol containing 0-5 ml. 
cone. H2SO4 . Methanol {30 ml.) was removed by distilla- 
tion and the residual mixture of methyl esters extracted 
with ether. The ethereal layer was washed five times with 
2% aqueous KjCOj, dried over K2CO3 and distUled to 
remove ether. The mixed esters were now fractionally 
distilled from a small flask of about 25 ml. capacity. The 


following fractions were collected: 

B.p. Weight 

Eraction 

{“) 

(g*) 

Probable composition 

1 

34-36 

— 

Ether 

2 

36-100 

0-86 

Methyl esters of acetic, 
propionic and butyric 
acids 

3 

100-120 

2-02 

Methyl esters of valeric 
acids 

4 

120-132 

2*43 

Methyl esters of caproic 


acids 

Since fraction 4 contained two main sub -fractions, 
boiling at 129° and 131-132°, it seems probable that 
two isomeric forms of caproic acid are present. 
These cannot be either n-caproic (b.p. of methyl 
ester 150°) or methylethylpropionic acid (b.p. of 
methyl ester 141°) and must therefore be other 
branched-chain caproic acids. The fraction was 
foimd to be optically active ([a]2)= — 2'245°) and 
must therefore contain at least one optically active 
acid. 

The main part of fraction 3 came over at 115-117° 
and might consist of the methyl esters of isovaleric 
(b.p. 116°) and (-f)- and ( — )-methylethylacetic 
acids (b.p. 113-115°). This fraction, too, proved to 
be optically active ([a]^= — 1*405°) and must, 
therefore, contain at least some methylethylacetic 
acid. Because their boiling points lie so close 
together, there seemed little prospect of analysing 
this mistme of esters by fractional distillation, and 
still less of analysing the corresponding mixture of 
acids (( ± )-methylethylacetic acid, b.p. 173°; iso- 
valeric acid, b.p. 174°). As our supplies of the acids 
were now running low we made no further attempts 
to fractionate the C5 acids by distillation methods, 
but turned instead to infrared spectroscopy. The Cg 
fraction of the worm acids (1-2 g.) was obtained in 
the pine state by repeated chromatography as for 
the C4 fraction, described above. The acids were 
titrated with N-sodium hydroxide, the sodium salts 
thus obtained distilled to dryness, and dried in 
vacuo over phosphorus pentoxide. A pure, dry 
sample of the free acids was obtained by intimately 
mixing the dry sodium salts with finely powdered 
dry potassium hydrogen sulphate and distilling the 
acids in a flask similar to that used by Ellis (1934). 


In order to determine whether the Cj acid obtained above 
was methylethylacetic acid or isovaleric acid, the infrared 
spectra of pure samples of these acids and of the unknown 
were determined. The spectrometer used was a Perkin 
Elmer Type 12 B, and the spectra were obtained between 
1800 and 700 cm.-^ using a rocksalt prism. The liquid 
samples were approximately 0-005 mm. in thickness. The 
absorption curves obtained are shown in Eig. 2. 


1700 1600 15001400 1300 1 2001100 1000 900 800cm.-’ 



Wavelength 


Eig. 2. Infrared absorption spectra of C5 acids. 

Although the two pure acids have a number of 
absorptions in common, there are considerable 
differences in their spectra, notably in the region 
1550-1150 cm.”^. In particular, wovaleric acid has 
strong absorption peaks close to 1300 and 1220cm.“', 
whereas methylethylacetic acid has a marked 
absorption distinct from those of -isovaleric at about 
1230 cm.“^. It can be seen immediately from the 
figure that the spectnun of the rmknown material 
very strongly resembles that of methylethylacetic 
acid throughout the region investigated, and differs 
in many respects from that of isovaleric acid. The 
only detailed difference between the spectrum of the 
unknown acid and of pure methylethylacetic acid is 
an additional faint absorption in the former, which 
shows as a shoulder in the spectrum near 1210 cm.“^. 
This presumably corresponds to a small amount of 
impurity, which might possibly consist of a little 
isovaleric acid. It is clear, however, that the un- 
known acid is very nearly pure methylethylacetic 
acid, with an impurity content of probably less 
than 10%. 

It is not possible, of course, to distinguish by 
spectroscopic means between the (-b)- and ( — )• 
forms of this acid. The polarimetric data already 
mentioned indicate that, in the acid as analysed, 
there was a small preponderance (about 6 %) of the 
(_). isomer. There remained, however, the possi- 
bility that extensive racemization might have taken 
place in the course of preparation of these particular 
batches of acids. The most likely step at which 
racemization might have occurred was during the 
digestion of the worms with 30 % sodium hydroxide 
for some weeks in the cold, followed by several hours 
in the hot. This possibility was investigated in the 
following maimer. 
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Approximately TlS nddSom^^ii'ghtto the opinion that these, and 

Stedute^4td\ySohutz&MarckwaId(1896).ThDproduot, probably the shorter chain acids 

!ftericoYery,sho..edMr,= '9'6°, indicating the presence products of the m^tabohsm of Asram itself and nob 


of the { + ) and ( - ) acids in the proportion of 20 and 80 /o 
approximately. This material was heated on a hoihng-water 
hath for 5 hr. with 30 % NaOH and then allowed to stand at 
room temperature for some weeks. Despite this treatment 
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of any bacteria ^vitll w}}icli it normally ia, or oxpen- 
mentally may become, a-ssocinted. 

The results of our analyses, carried out on frc.shly 
collected perienteric fluid from tvorms collected 


there were no signs of racemization, w« ^ ® ^ l,o„rs before, differ substantially from 
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spend to those of the natural material 

Accordingly, we have to conclude that at least 
90 % of the Cg fraction consists of optically active 
methylethylacetic acid, with the ( — )-form slightly 
preponderating over the ( + )-acid. 

Fraction Cj . As has been pointed out, we were 
unable to resolve the Cj acids w'hether by chromato- 
graphy, fractional crystallization of the piper- 
azinium salts, or fractional distillation of the methyl 
esters. Tire possibilities of achieving separation of 
the acids themselves hy fractional distillation 
seemed remote and the only promising line for 
finther approach appeared to lie in infrared 
spectroscopy. This method, however, could nob he 
applied, since the necessary reference substances 
were not available to ns. The nature of the Cg 
acLd(s) therefore remains unknown for the present. 

Fraction Cj. This fraction consisted of a mixture 
of acids containing more than six carbon atoms, and, 
since it accounted for only 1 % of the total acids, 
was not examined further. 

DISCUSSION 

The presence of formic, acetic, propionic and n- 
butyric acids in a wide range of biological materials 
is well known, and they are, moreover, among the 
principal products of the digestion of cellulose by the 
rumen contents of the sheep and other herbivores 
(McAnally & Phillipson, 1944). That these acids 
may also he formed by bacterial activity in the 
alimentary tract of the pig is possible, and the fact 
that they occur in laboratory media in which 
specimens of Ascaris have been incubated has led 
many workers to the conclusion that they are 
bacterial in origin. But these acids are present in 
relatively high concentrations in the perienteric 
fluid of freshly collected worms, suggesting that 
they escape into the keeping medium by diffusion or, 
perhaps, hy excretion. However, these lower acids 
together accoimt for less than 20 % of the total 
volatile acids present in the perienteric fluid. The 
residual methylethylacetic acid (46 %) is optically 
active, and the Cg acid (35 %) also appears to be 
optically active. Optically active isomers of valeric 
and caproic acids are not known as products of 
microbial digestion, at any rate of cellulose, nor, so 
far as we are aware, have they heretofore been dis- 
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But these differences are less important than those 
between our respective conclusions regarding the 
nature of the Cg acid; for whereas wo bclievo it to 
consist almost in its entirety of methyletliylocetic 
acid, Bueding & Yale (1951) state that about one- 
half consists of n-valeric acid and the other half of a 
mixture of isovaleric and methylethylacetic acids. 
Small amounts of an aj9-unsaturated C5 acid were 
also reported. We ourselves found traces of a sub- 
stance which decolorizes bromine water and which 
might be formic or some unsaturated acid. It is 
difficult to reconcile our respective conclusions or to 
explain the differences that exist; but it is con- 
ceivable, since much of the Cg acid has apparently 
been transferred to the lower fractions in Bueding & 
Yale’s experiments, that these workers were, in fact, 
dealing with partial degradation products formed — 
most probably by some kind of microbial activity — 
from acids which had diffused out of the worms into 
the culture medium. They themselves deny that 
bacterial activity was involved in their experiments, 
on the grounds that the worms used were treated 
with antibiotic substances. But antibiotics in 
general are more or less specific in their action, so 
that these allegedly sterile experiments may 
reasonably be regarded with some suspicion. 

The origin and mode of formation of these acids is 
wholly obscure. In the past they have often been 
compared with the lactic acid which can arise 
anaerobically from carbohydrate, e.g. in muscle and 
m a variety of bacteria, for it is generally supposed 
that Ascans itself lives under conditions that 
^proximate fairly nearly to anaerobiosis (see 
Hobson, 1948) However, the structure of methyl- 
ethylacetic acid, which contains an asymmetricallv 
branched carbon chain and accounts for practically 
one-half of the total acids, suggests that the latter 
can hwffiy arise from carbohydrate sources. The 
branched chain of methylethylacetic acid 000 ^" 
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hydroxide, first for several weeks at room temper- 
ature and then on the boiling-water bath, and 
subsequently acidified with sulphuric acid. 

Approximately 9 g. of the mixed worm acids were re- 
fluxed for 5 hr. with 40 ml. dry methanol containing 0-5 ml. 
cone. H2SO4. Methanol (30 ml.) was removed by distilla- 
tion and the residual mixture of methyl esters extracted 
with ether. The ethereal layer was washed five times with 
2% aqueous KjCOj, dried over KjCOj and distilled to 
remove ether. The mixed esters were now fractionally 
distilled from a small flask of about 25 ml. capacity. The 
following fractions were collected: 


Fraction 

B.p. 

(°) 

Weight 

(g-) 

Probable composition 

1 

34-36 

— 

Ether 

2 

36-100 

0-86 

Methyl eaters of acetic, 
propionic and butyric 
acids 

3 

100-120 

2-02 

Methyl esters of valeric 
acids 

4 

120-132 

2-43 

Methyl esters of caproic 


acids 


Since fraction 4 contained two main sub -fractions, 
boiling at 129° and 131-132°, it seems probable that 
two isomeric forms of caproic acid are present. 
These cannot be either n-caproic (b.p. of methyl 
ester 150°) or methylethylpropionic acid (b.p. of 
methyl ester 141°) and must therefore be other 
branched-chain caproic acids. The fraction was 
foimd to be optically active ([a]4,= — 2'245°) and 
must therefore contain at least one optically active 
acid. 

The main part of fraction 3 came over at 1 15-1 17° 
and might consist of the methyl esters of fsovaleric 
(b.p. 116°) and (-1-)- and ( — )-methylethylacetic 
acids (b.p. 113—115°). This fraction, too, proved to 
be optically active ([a]j5= — 1’405°) and must, 
therefore, contain at least some methylethylacetic 
acid. Because their boiling points lie so close 
together, there seemed little prospect of analysing 
this mixtm’e of esters by fractional distillation, and 
still less of analysing the corresponding mixture of 
acids (( ± )-methylethylacetic acid, b.p. 173°; iso- 
valeric acid, b.p. 174°). As om supplies of the acids 
were now running low we made no further attempts 
to fractionate the Cg acids by distillation methods, 
but tinned instead to infrared spectroscopy. The C5 
fraction of the worm acids (1—2 g.) was obtained in 
the pure state by repeated chromatography as for 
the C4 fraction, described above. The acids were 
titrated with N-sodium hydroxide, the sodium salts 
thus obtained distilled to dryness, and dried in 
vacuo over phosphorus pentoxide. A pure, dry 
sample of the free acids was obtained by intimately 
mixing the dry sodium salts with finelj'' powdered 
drj' potassium hydrogen sulphate and distilling the 
acids in a flask similar to that used by Ellis (1934). 
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In order to determine whether the Cj acid obtained above 
was methylethylacetic acid or isovaleric acid, the infrared 
spectra of pure samples of these acids and of the unknown 
were determined. The spectrometer used was a Perkin 
Elmer Type 12 B, and the spectra were obtained between 
1800 and 700 cm.~^ using a rocksalt prism. The hquid 
samples were approximately 0-005 mm. in thickness. The 
absorption curves obtained are shoivn in Fig. 2. 
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Eig. 2. Infrared absoiqjtion spectra of Cg acids. 

Although the two pure acids have a number of 
absorptions in common, there are considerable 
differences in their spectra, notably in the region 
1550-1150 cm.“^. In particular, isovaleric acid has 
strong absorption peaks close to 1300and 1220cm.”S 
whereas methylethylacetic acid has a marked 
absorption distinct from those of isovaleric at about 
1230 cm.~i. It can be seen immediately from the 
figure that the spectrum of the unknown material 
very strongly resembles that of methylethylacetic 
acid throughout the region investigated, and differs 
in many respects from that of isovaleric acid. The 
only detailed difference between the spectrum of the 
unknown acid and of pure methylethylacetic acid is 
an additional faint absorption in the former, which 
shows as a shoulder in the spectrum near 1210 cm.“^. 
This presumably corresponds to a small amount of 
impurity, which might possibly consist of a little 
isovaleric acid. It is clear, however, that the un- 
known acid is very nearly pure methylethylacetic 
acid, with an impurity content of probably less 
than 10 %. 

It is not possible, of course, to distmguish by 
spectroscopic means between the (-f )- and (~)' 
forms of this acid. The polarimetric data already 
mentioned indicate that, in the acid as analysed, 
there was a small preponderance (about 6 %) of the 
( — )-isomer. There remained, however, the possi- 
bility that extensive racemization might have taken 
place in the course of preparation of these particular 
batches of acids. The most likely step at which 
racemization might have occurred was during the 
digestion of the worms with 30 % sodium hydroxide 
for some weeks in the cold, followed by several hours 
in the hot. This possibility was investigated in the 
following manner. 
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distillation of the methyl 
spond to those of the natural material. 

Accordingly, we have to conclude that at least 
90 % of the Cs fraction consists of optically active 
methylethylacetic acid, with the ( - )-form slightly 
preponderating over the ( -f )-acid. 

Fraction Cj . As has been pointed out, we were 
unable to resolve the 0^ acids whether by chromato- 
graphy, fractional crystallization of the piper- 
azinium salts, or fractional distillation of the methyl 
esters. The possibilities of achieving separation of 
the acids themselves by fractional distillation 
seemed remote and the only promising line for 
further approach appeared to lie in infrared 
spectroscopy. This method, however, could not be 
applied, since the necessary reference substances 
were not available to us. The nature of the Cg 
acid(s) therefore remains unknown for the present. 

Fraction Cg. This fraction consisted of a mixture 
of acids containing more than six carbon atoms, and, 
since it accounted for only 1 % of the total acids, 
was not examined further. 

DISCUSSION 

The presence of formic, acetic, propionic and n- 
butyric acids in a wide range of biological materials 
is well known, and they are, moreover, among the 
principal products of the digestion of cellulose by the 
rumen contents of the sheep and other herbivores 
(McAnally & Phillipson, 1944). That these acids 
may also be formed by bacterial activity in the 
alimentary tract of the pig is possible, and the fact 
that they occur in laboratory media in which 
specimens of Ascaris have been incubated has led 
many workers to the conclusion that they are 
bacterial in origin. But these acids are present in 
relatively high concentrations in the perienteric 
fluid of freshly collected worms, suggesting that 
they escape into the keeping medium by diffusion or, 
perhaps, by excretion. However, these lower acids 
together account for less than 20 % of the total 
volatile acids present in the perienteric fluid. The 
residual methylethylacetic acid (46 %) is optically 
active, and the Cg acid (35%) also appears to be 
optically active. Optical^ active isomers of valeric 
and caproic acids are not known as products of 
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But these differences are less important than those 
between our respective conclusions regarding the 
nature of the Cj acid ; for whereas we believe it to 
consist almost in its entirety of methylethylacetic 
acid, Bueding & Yale (1951) state that about one- 
half consists of n-valeric acid and the other half of a 
mixture of isovaleric and methylethylacetic acids. 
Small amounts of an a/3-unsaturated Cg acid were 
also reported. We ourselves found traces of a sub- 
stance which decolorizes bromine water and which 
might be formic or some -unsaturated acid. It is 
difficult to reconcile our respective conclusions or to 
explain the differences that exist; but it is con- 
ceivable, since much of the Cg acid has apparently 
been transferred to the lower fractions in Bueding & 
Yale’s experiments, that these workers were, in fact, 
dealing with partial degradation products formed — 
most probably by some kind of microbial activity — 
from acids which had diffused out of the worms into 
the culture medium. They themselves deny that 
bacterial aotivity was involved in their experiments, 
on the grounds that the worms used were treated 
with antibiotic substances. But antibiotics in 
general are more or less specific in their action, so 
that these allegedly sterile experiments may 
reasonably he regarded with some suspicion. 

The origin and mode of formation of these acids is 
wholly obscure. In the past they have often been 
compared with the lactic acid which can arise 
anaerobically from carbohydrate, e.g. in muscle and 
m a variety of bacteria, for it is generally supposed 
t at Ascans itself lives under conditions that 

anaerobiosis (see 
Hobson, 1948) However, the structure of methyl- 
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however, in isoleucine; it is therefore conceivable 
that our C5 acid might arise by oxidative deamina- 
tion of isoleucine, followed by oxidative decarboxy- 
lation of the resulting a-keto acid. These are re- 
actions that are loiown to occur among vertebrates 
and probably go on in invertebrates also. Perhaps 
they are less lUiely to take place in an animal that 
leads what appears to be a largely or mainly 
anaerobic existence, though even here oxidative 
processes might occur by coupling to simultaneous 
reductive reactions. But in any case, unless we 
assume that isoleucine alone is singled out for this 
kind of treatment we should expect leucine itself to 
give rise tlnough similar reactions to isovaleric acid, 
and the latter cannot account for more than 10 % of 
the total valeric fraction, according to the spectro- 
scopic evidence. Valine, moreover, would be ex- 
pected to give rise in a similar way to isobutyric acid, 
whereas our C4 acid is the n-compoimd. Nor does 
such a mechanism allow us to explain in any simple 
manner the relatively large-scale formation of a Cg 
acid. 

Other mechanisms might be invoked to accoimt 
for the formation of methylethylacetic acid from 
isoleucine, the only other commonly occurring 
biological compoimd linown to contain the appro- 
priate branched chain. We have considered several 
possibilities of this kind, all of which lead to con- 
clusions that are inconsistent within themselves. 
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like the scheme discussed here. We must at present 
confess to complete ignorance of the origin, mode of 
formation and function of these cmious compounds. 

SUMMARY 

1. The steam- volatile fatty acids of the peri- 
enteric fluid of Ascaris lumbricoides have been 
analysed by chromatographic methods. 

2. Acetic, propionic and n-butyric acids have 
been identified by their chromatographic behaviour 
and by the piperazinium salt of n-butyric acid. 
Small quantities of formic acid also appear to be 
present. 

3. Infrared spectroscopy showed that the C5 
fraction consists, almost in its entirety, of the 
optically active methylethylacetic acid (2-methyl- 
butanoic acid) . There is a slight preponderance of the 
laevorotatory form. 

4. The Cg fraction has not so far been identified. 

5. It is concluded that these acids are products of 
the imdoubtedly peculiar metabolism of A. lumbri- 
coides and are not formed by microbial activity. 
Their origin, function and mode of formation are 
unknown. 

We wish to thank Dr N. Sheppard for determining the 
infrared absorption spectra of the acids examined by this 
method. 
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Extremely little is known about the polyphenolic 
substances of cacao. Numerous analyses have been 
made but few isolations. To obtain a rational idea of 
the changes taking place during the fermentation 
process in the preparation of the bean for the market, 
the chemistry of the polyphenolic substances 
present must be placed on a sounder basis. This is 
only possible by the isolation of the different sub- 


matography on silica gel. Wliito (1949) has shown 
that the complexity of quebracho tannin extract 
can be gauged by paper chromatography. Bate- 
Smith (1949) has demonstrated that anthocyanins 
and flavones and many similar substances are 
separable by paper chromatography. A preliminary 
note (Forsyth, 1949) has been published on the 
paper chromatography of extracts of cacao beans. 


stances from the fresh bean. 

A catechin was isolated by Adam, Hardy & 
Nierenstein (1931) and by Freudenberg, Cox & 
Braim (1932), who showed it to be ( - )-epicatechin. 

It is claimed (Adam, 1928) that the epicatechin is 
present at least in part as a catechin-caffeine 
complex. Various crude ‘.tannin’ preparations have 
been isolated (Adam, 1928; Mosimann, 1944). 
Other substances have been shown to be present by 
qualitative reactions. The purple colouring matter 
is due to anthocyanins (Laurence, Price, Eobinson 
& Eobinson, 1938) having the colour and solubility 
reactions of a cyanidin- 3 -glycoside. Leucoantho- 
cyanins are also present (Knapp & Heame, 1939). 

Numerous proximate methods of determining the 
‘ tannin ’ of cacao have been developed, few of which 
have led to any understanding of the substances 
present. The sum of these studies has shown, how- 
ever, that the material is a complex mixture of 
fractions of different solubility. Extractions have 
been made with ethyl acetate, water (Adam, 1928), 
neutral buffer, sodium hydroxide, acetic acid 
(Hallas, 1939), 40% acetone (Duthie, 1938), and 
dilute hydrochloric acid (Hallas, 1949), The 
greatest amoimt determined is about 15 % of the 
dried bean (Hallas, 1939). Of this about two-thirds 
can be extracted with aqueous acetone, alcohols, or 
dilute acids, and roughly comprises the fraction 
studied here. Hallas (1949) has shown that the 
anthocyanins and leucoanthocyanins in the fresh 
purple bean are nearly completely soluble in 
ethanol. 

If any success is to be gained in the separation of 
what is probably a complex mixture of polymers of 
different degrees of condensation new methods are 
obviously required. Bradfield, Penney & Wright 
(1947) and Bradfield & Penney (1948) have had 
considerable success in separating the simpler 
polyphenolic substances in tea by partition cliro- 


jlIETHODS AND EBSULTS 
Paper ehromatography 

Twenty fresh beans were removed from the pod, peeled, and 
immediately dropped into 100 ml. HCl (0-3x). The acid 
suspension of cotyledons was homogenized in a Waring 
Blendor for 3 min. After standing for 15 min. at room 
temperature (25°) the homogenate was filtered and the 
extract (20 gl.) spotted on the chromatogram. 

The most useful solvent for development was found to be 
amyl alcohol-acetic acid- water in the proportions 4:1:5, 
«-Butanol-acetio acid (Partridge, 1048) gave similar results, 
hut with cacao extract the spots were not so well separated 
although they moved much faster. Butanol-acetic acid was 
used to confirm the identity of the separated substances 
rmder the rigid conditions specified by Bate-Smith & 
Westall (1950). The amyl alcohol-acetic acid chromatograms 
were run on Whatman no. 1 paper for 18 hr. at 25°. The sub- 
stances were detected by visible colour and by spraying with 
ammoniacal AgNOj. Aniline hydrogen oxalate (Partridge, 
1949) was used to detect sugars. 


Table 1, Paper chromatogram of a 0-3n-HC1 extract 
of fresh Porastero cacao beans 


No. of 
spot 
7 
6 
5 
4 
3 
2 
1 


(Solvent, amyl alcohol-acetic acid-water.) 

Probable nature 
Epicatechin 


Up 

0-40 

0-22 

0-16 

0-12 

0-08 

004 

0-4)-02 


Leucoanthocyanidin 
Cyanidin-anthocyanin I 

Cyanidin-antliocyaiuii II 

Cyanidin diglycoside leucoanthoeyar 

A typical chromatogram showing the main polvpheno 
components of an HCl (O-Sx) extract of fresh pLsfr 
(purple) beans is shown in Table 1. These substances we 
mvanably present in fresh Porastero beans from ma 
di&rent pods and were the major components. 

By extracting the spots from large numbers of pan( 
evidence has been produced (Porsyth, 1949), using Robfrs 
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& Robinson’s (1931, 1932) tests, that the eomponents are as 
stated in the table. Isolation is necessary for better 
characterization. 

As well as the two mobile anthocyanins there was also a 
trace of anthocyanin not extracted with amyl alcohol 
(spot no. 1) which had the properties of a cyanidin diglyco- 
side. It hydrolysed to cyanidin and had the solubility of a 
diglycoside (jBj? butanol-acetic 0-17). 

Comparison of different beans. Twelve individual beans 
from the same Imperial College Selection 1 (I.G.S. 1) pod 
were extracted. They gave identical chromatograms. 
Twelve individual beans from twelve different I.G.S. 1 pods 
were extracted. They gave identical chromatograms. Beans 
of CrioUo (non-pigmented) varieties give the same spots 
except that the anthocyanins are absent. The leucoantho- 
cyanin was present in relatively greater quantity. 

The following species and varieties used in chocolate 
manufactm-e have been examined and the same spots are 
present in all the purple beans and only the anthocyanin 
pigments are missing in the white beans: Bed Venezuelan, 
Nicaragua Criollo, Ecuador Nacional, Trinitario, Cala- 
bacUlo, Theobroma pentagona, Tli. leiocarpa (Cheesman, 
1944). The associated species Th. bicolor which is not used 
contained none of these compounds. 

When white, purple-bordered, faint-purple, medium, 
strong and very strong purple beans were extracted the two 
anthocyanins were either both absent or both present in the 
same relative proportion. 

Isolation 

Imperial College Selection 1 pods were used. It was first 
necessary to determine what pretreatments of the beans to 
aid extraction were safe. It was found that fresh beans 
could be washed in an adapted clothes-washing machine to 
remove the pulp completely in 2 hr. and then could be heat- 
kiUed in boiling water for 5 min. and dried in the oven at 70° 
in 12 hr. without change in the acid-soluble compounds. In 
such beat-lrilled beans the enzymes were completely de- 
stroyed. The dried beans were readily peeled and the butter 
was partly removed by blending with three successive lots 
of light petroleum (90-100°, 1 ml./g.) at 60°. This procedure 
removed over 90 % of the butter giving a readily extracted 
stable residue which on extraction gave a chromatogram 
qualitatively identieal to that obtained from fresh beans. 

The anthocyanins 

Preparation of a concentrate. Attempts to concentrate the 
anthocyanins via the piorates were unsuccessful, even at 
concentrations where picric acid crystallized out the pig- 
ments remained in the mother liquors. The anthocyanins 
could, however, be readily concentrated through their lead 
salts. The method was basically that of Scott-Moncrieff 
(1930). 

Wax-free cacao (100 g.) was blended with 500 ml. 0-3 n- 
methanolic HGl and left overnight. The extract was filtered 
off and the process repeated. To the combined extract was 
added a saturated aqueous solution of lead acetate. The 
lead chloride which first precipitated was removed and 
then excess lead acetate added to bring down the pigments 
as a dark-blue precipitate. After standing overnight the 
precipitate was filtered off, washed with methanol, and dis- 
solved in the minimiun amount of glacial acetic acid (about 
100 ml.). This extract was then treated with 2 vol. of ether. 
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The blue lead salt precipitate was washed with ether, dried 
and ground. The powder was extracted with 25 ml. methanol 
containing 6% (v/v) HGl and the crude glycosides thrown 
down as a bright-red gummy mass by addition of 12 vol. 
ether. The pigments were further purified by extraction with 
ethyl acetate. 

The preliminary purification could also be done simply by 
ethyl acetate extraction. Wax-free cacao (100 g.) was ex- 
tracted with 2 X 500 ml. 0-3 N-methanolic HGl as before. The 
extract was diluted with 2 vol. ether and 4 vol. light 
petroleum and the crude anthocyanin precipitate was 
washed successively with light petroleum and ether. It was 
then extracted exhaustively with ethyl acetate to remove 
impurities soluble in ethyl acetate. 

The simplest method of extraction is with methanol 
containing 10 % acetic acid. After filtration the methanol is 
removed in vacuo and the anthocyanins precipitated by 
addition of a large excess of ether to the acetic acid. The solid 
is then washed ■with ethyl acetate. 

Chromatography of the anthocyanin 
concentrate on columns 

Chromatography on alumina, silica gel or kieselguhr did 
not give good results. The most satisfactory chromatograms 
were obtained on columns of cellulose pulp (Solka flok 200 
mesh, Johnsen, Jorgensen and Wettre Ltd., London). The 
material, purified as described by Campbell, Work & 
MeUanby (1951), was packed dry in columns (25 x3'7 cm.) 
and washed 'well first with the aqueous and then ■with the 
solvent layer of amyl alcohol-acetic acid. 

The anthocyanin concentrate prepared by any of the 
above methods was taken up in the organic solvent layer of 
amyl alcohol-acetic acid and added to the column and 
developed rvith the same solvent (500 ml.). The column ■was 
sucked dry, extruded, and the two indi'vidual anthocyanin 
bands cut out separately and, after being allowed to dry at 
room temperature, were eluted ■with methanol containing 
0-5% (w/v) HGl. Paper chromatograms of the extracts 
showed the anthocyanins uncontaminated mth any sub- 
stances reacting ■with NajCOj, FeCI^, or ammoniacal 
AgNO,. 

The anthocyanins could be precipitated as bright-red 
gums by the addition of a very large excess of ether to the 
methanolio HGl extracts from the column. Attempts at 
crystallization of the small amount of either gum from 
methanol, ethanol or water containing various amounts of 
HGl have been unsuccessful. The anthocyanins can be pre- 
cipitated from methanol solution with ether as dark-purple 
amorphous powders. These two powders are chromato- 
graphicaUy homogeneous and both give cyanidin on hydro- 
lysis with 20% (w/v) HGl, confirmed by paper chromato- 
graphy in n-butanol-2N-HCl (Bate-Smith, 1949) JJjr=0-70 
and by colour reactions (Robinson & Robinson, 1931). 
Anthocyanin I is present in about three times the concentra- 
tion of anthocyanin II as judged by the intensity of the spots. 

Anthocyanin I. The Ep value under the standard condi- 
tions of Bate-Smith (1949) in butanol-acetic acid is 041. 

The amorphous powder (10 mg.) was hydrolysed for 
30 min. in O-Sn-HjSOi (0-5 ml.) at 100° in a sealed capsule. 
The hydrolysate was neutralized ■with BaCOa, centrifuged 
and concentrated in vacuo. The residue was extracted with 
methanol and the methanol concentrated to 0-2 ml. Tins 
solution gave positive reactions with benzidine and orcinol 
tests. Paper chromatography showed that two sugars were 
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present. Spraying with selective reagents (Forsyth, 1948; 
Partridge, 1948) showed the two spots to be an aldohexose 
and an aldopentose. The two sugars could not be separated 
ftom glucose and arabinose when chromatographed in 
butanol-acetic acid, phenol (Partridge, 1948), or ethyl 
acetate-pyridine (Jermyn & Isherwood, 1949). 

The pentose was readily separated from added xylose, 
ribose and lyxose, and the aldohexose readily separated 
from added galactose and mannose. Quantitative deter- 
mination of the proportions of the two sugars in the chro- 
matograms (Flood, Hirst & Jones, 1947) showed them to be 
present in the ratio of 1 : 1. 

That the anthocyanin should be a simple ‘oyanidin- 
glucose-arabinose’ with an of 0-41 is very unlikely when 
compared with the known cyanidin anthocyanins (Table 3). 
It is most probably acylated. This was confirmed by a brief 
alkaline hydrolysis for 30 sec. (Robinson & Robinson, 1931). 
The acyl group was removed and the anthocyanin now had 
an of 0-35 which is in closer agreement with expectations 
on theoretical grounds. 

Anthocyanin II. The Rp value under standard conditions 
in butanol-acetic acid is 0-33. The amorphous powder 
(10 mg.) was hydrolysed with 2N-H2SO4 and treated as was 
anthocyanin I. Chromatography of the sugar solution 
showed only a single aldohexose to he present which was not 
separable from glucose in the three solvent mixtures, but 
was readily separated from galactose or mannose. The 
anthocyanin was unaffected by brief alkaline hydrolysis, i.e. 
it is a simple cyanidin monoglucoside. 

Non-mobile fraction 

On paper chromatography of an HCl or methanolic ECl 
extract with amyl alcohol-acetic acid much of the material 
remains on the starting line. This spot contains a trace of an 
anthocyanin, but also considerable material, which gives 
cyanidin on boding with cone. HCl, and reacts with am- 
moniacal AgNOj. 

An anthocyanin concentrate was prepared from wax-free 
cacao (100 g.) by methanolic-HCl extraction and ether-light 
petroleum precipitation as previously described. On 
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extracting the anthocyanins from the concentrate with 
amyl alcohol-acetic acid a considerable residue -was left. 
This residue was dissolved in 0*3i; -methanolic HCl (2o0 ml.) 
and reprecipitated with ether (2 vol.) three times. The 
product was then washed with ether and dried to give a 
brick-red residue which on paper chromatography remained 
on the starting line. 

On boiling with 20% (w/v) HCl a coloration duo to liber- 
ated cyanidin (Bj. in butanol-2K-HCl, 0-69) was produced. 
Hydrolysis with 2N-H2SO4 followed by neutralization with 
BaCOj gave a sugar solution, shown by chromatography to 
contain glucose and arabinose in the proportion of roughly 
3:1. 

The ethyl acetate fraction 

Wax-free cacao (100 g.) was extracted with two successive 
litre lots of 0'3 n-HC 1. The filtered extract was shaken with 
three successive 500 ml. lots of ethyl acetate. The ethyl 
acetate was dried (Na,S04), the solvent removed under 
reduced pressure (nitrogen bubbler) and the residue trans- 
ferred in boiling CHClj to a sintercd-glass funnel, washed 
with CHClj and dried. About 3 g. of a light-tan coloured 
amorphous powder were obtained containing the sub- 
stances which give ‘AgNOj-positive’ spots on the paper 
chromatograms. The extraction with CHCljhad no effect on 
the pattern of any of the spots, showing that by this method 
of extraction no catechin-caffeine complex was present. 

The powder was taken up in a small volume of the top 
layer of the amyl alcohol-acetic acid-rvater mixture and 
transferred to a cellulose pulp eolumn (12'5 x3'7 cm.) and 
the column developed with the same solvent. The eluate 
was collected in 2 ml. lots and spotted on paper chromato- 
grams. Suitable cuts were made and similar fractions com- 
bined. Each fraction was then taken to dryness in vacuo and 
the residue washed with CHCIj. The results are shown in 
Table 2. 

Out A. Attempts to obtain any crystalline products from 
cut A were unsuccessful. On paper cliromatography a series 
of fast-moving brown and yellow streaks were observed. 
No spot was detected on spraying with aqueous NaCN or 
vanillin-HCl (Bradfield et al, 1947), or with acetic acid- 
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Table 2. Fractionation of the ethyl-acetate solubles (3 g.) on a cellulose column with amyl alcohol-acetic acid 


Cut 

Vol. 

eluate 

(ml.) 

Dry wt. 

(mg.) 

0 

40 



A 

34 

90 

B 

48 

1028 

C 

26 

304 

D 

78 

578 


E 

98 

169 

F 

144 

84 

0 

200 

22 
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Components provisionally 
identified 


o-Hydroxyphenols absent 

( - )-Epicatechin 
Catechin 

( — )-Epicatechin 
Gallocatechin 

( - )-Epieatechin 

Gallocatechin 

Epigallocatechm 

Leucoanthocyanidin 

Leucoanthocyanidin 

Epigallocatechin 

Spot no. 4 (Table 1) 

Spot no. 4 (Table 1) 
Trace of anthocyanin I 
Spot no. 2 (Table 1) 




Amyl 

Butanol- 

\ 

alcohol-acetic 

acetic 


acid 

acid 

Phenol-water 

0-75-0-95 


— 

0-40 

0-65 

0-48 

0-50 

0-74 

0-36 

0-27 

0-57 

0-25 

0-22 

0-48 

0-32 

0-19 

0-40 


0-12 

0-44 

0-21 

— 

— 


0-04 

0-39 

0-12 
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ammonium molybdate (Quastel, 1931), i.e. no oateobins or 
other o-hydroxyphenols were present. 

Gut B. Cut B consisted mainly of the major catechin 
(spot no. 7 in Table 1) with traces of another compound. 
Both substances were catechins since they could be detected 
by spraying with ammoniacal AgNOa, FeCla, NaaCOj, 
ammonium molybdate, NaCN and vanillin-HCI solutions. 

The powder from cut BcrystalKzed from water. The major 
catechin was the more insoluble and the material was 
recrystallized tUI the crystals were chromatographically 
homogeneous. In all 722 mg. of colourless short prisms were 
obtained, m.p. 237° (imcorr.); [a];?” -58° (c=2 in aqueous 
acetone, 1/1). (Found: C, 49-6; H, 6-2. Calc, for C, 5 H„Og. 
4 H 2 O: C, 49-7; H, 6-1.) The acetyl derivative was prepared, 
m.p. 151°. 

The pure crystalline material was responsible for spot 
no. 7 on the chromatograms. It had the Bj^ values shown in 
Table 2. It gives an intense green colour with ferric salts and 
a heavy reddish brown precipitate with boiling HCl. All the 
above properties show the substance to be ( - )-epicatechm. 
This has pre\nousIy been isolated from cacao by ether 
extraction (Freudenberg et al. 1932). A preparation isolated 
in the conventional manner showed identical properties 
with the above. 

The mother liquors from the crystallization of (-)- 
epioatechin were combined. A large excess of ( - )-epi- 
catechin was still present. The catechins could be purified 
and partly separated by simply adding the aqueous solution 
to a column of wet celliilose pulp (12-5 x 3‘7 cm.) and eluting 
with water. After 30 ml. of blank eluate had passed through 
34 ml. was collected containing only coloured impurities 
followed by 120 ml. of a mixture of catechins and then 
130 ml. containing only ( - )-epicatechin. The catechin 
fractions were exhaustively extracted with ether and the 
ether evaporated. ( - )-Epicatechin (67 mg.) and 72 mg. of 
the mixture were obtained. The mixtme gave on crystalliza- 
tion from water mainly short prisms with a few long needles. 
Paper chromatography suggested that ( - )-epicateohin and 
the other catechin were present in the mixture in the ratio 
4/1 as judged from the intensity of the spots. Thus the 
maximum possible 3 deld of the minor catechin would be 
14-5 mg. Isolation in the presence of excess ( - )-epicatechin 
was not successful. Incubation of the material with a dried 
preparation of mycelium of Aspergillus niger for 12 days 
failed to liberate any gallic acid and the chromatogram was 
imchanged. The same preparation readily split an authentic 
sample of ( - )-epigaUocatechin gaUate (Bradfield et al. 1947). 
The substance is not, therefore, a catechin gallate ester. It 
was also stable to mild acid hydrolysis. From Rp values 
(Bradfield & Bate-Smith, 1950; Wender & Gage, 1949) the 
substance is provisionally identified as catechin itself. The 
rotation is not known. 

Cut G. Paper chromatography showed that cut C con- 
sisted almost entirely of ( - )-epicateohm. On crystallization 
from water 234 mg. of ( - )-epicatechin were obtamed. The 
mother liquor on concentration showed traces of another 
catechin which gave all the catechin reactions and was not a 
gallate ester. It could not be separated by paper chromato- 
graphy from an authentic sample of (±)-gallocateohin. The 
substance was obviously present in too small quantity for 
isolation to be possible. 

Gut D. From cut D 678 mg. of a light-brown powder was 
collected. On refluxing with 20% (w/v) HGl, or better 
ethanolic HCl, cyanidin is produced, confirmed by paper 
chromatography in butanol-2 n-HCI and by colour tests. 


1952 

The powder was very soluble in water. On paper chro- 
matography of the solution, it was seen to be a mixture of 
( - )-epicatechin, gallocatechin, and spot no. 6 of Table 1. 
The powder was dissolved in 5 ml. methanol and precipi- 
tated with 45 ml. ether. The ether-soluble fraction was 
evaporated to give 145 mg. of a colourless sohd. This 
material did not give cyanidin on treatment ivith HCl. 
Paper chromatography showed ( - )-epioatechin, galto- 
catechin, and a third spot giving all the catechin reactions 
to be present. The mixture has not been separated. The 
chromatogram was unaffected by tannase. The unknown 
catechin could not be separated from { - )-epigallocatechin 
on chromatography. The three catechins were judged to be 
present in the proportion 3:1:3 from the intensity of the 
spots. 

The ether-insoluble fraction was a light-brown amorphous 
powder (400 mg.) which could not be obtained crystalline 
and which darkened on heating, but did not melt below 
300°. This material gave cyanidin on treatment with strong 
acid, but no sugar could be detected on milder h}'drolysis. 
It did not give an immediate spot with ammoniacal AgNOj 
but only on standing. 

Cut E. Cut E was treated as was cut D, 65 mg. were ether- 
soluble. The ether-insoluble material was the leucocyanidin 
as before (100 mg.). The ether-soluble material was a 
mixture of epigallocatechin and spot no. 4 of Table 1. 

CutF. Cut F consisted mainly of spot no. 4 in Table 1. It 
gave the usual catechin colour reactions and was unaffected 
by tannase. No crystalline products could be obtained. 

Gi(< G. Cut Q contained very little material which bad the 
properties of spot no. 2 in Table 1. It gave the catechin 
colour reactions, but was unaffected by tannase. 

DISCUSSION 

The fresh cacao bean is seen to contain a very com- 
plicated mixture ofpolyphenolic substances. At least 
eleven different compounds can be distinguished 
by chromatography. The similarity between widely 
different varieties is striking. 

The two main anthocyanins have been shown to 
contain respectively, glucose and arabinose, and 
glucose, we would therefore expect them to be 
cyanidin-3-arabinogluooside and cyanidin-3-gluco- 
side, i.e. clrrysanthemin. However, the second 
anthocyanin is certainly not clirysanthemin (solu- 
bility of picrate), and an examination of colour 
reactions would suggest that the sugars are linked 
to a different hydroxyl (Robertson & Robinson, 
1929). 

To settle this point it would be necessary to 
isolate the pigments in large yield and compare 
them with synthetic preparations. Although up to 
50% of the naturally occirrring cyanidin glycosides . 
may be of the ‘pentose ’ glycoside (including methyl 
pentose) form (Robinson & Robinson, 1931, 1932) it 
is seldom known which pentose is present, and it is 
usually assiuned that the pentose is rhamnose. An 
exception is sambucyanin (Nolan & Casey, 1931), 
which contains an aldopentose and glucose. 
Arabinose does not appear to have been identified 
previously in a cyanidin glycoside, although 
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Table 3. Comparison of cacao, and known cyanidin anihocyanina 


Anthocyanin 

Mekocyanin 

Cacao anthocyanin II 

Chrysanthemin 

MUdly hydrolysed anthocyanin I 

Antirrhinin 

Cacao anthocyanin I 

Cyanidin 


Sugars 

Gentiohiose 

Glucose 

Glucose 

Arahinose-glucose 

Rhamnose-glucose 

Arabinose-glucose 


Rf 

Butanol- 

Colour at pH 8 

acetic acid 

0-29 

Brown-red 

0-33 

Blue-violet 

0-33 

Brown -red 

0-35 

Blue-violet 

0-37 

Broum-oherry 

0-41 

Blue-violet 

0-69 

(in butanol/ 
2N-HC1) 

Blue-violet 
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Sugar 

linkage 

3 

? 

3 

? 

3 

? 


vicianose is a common constituent of other types of 
glycosides . The available information is summarized 
in Table 3. 

At least two compounds of the leucoanthocyanin 
class are present, both based on cyanidin. One 
would appear to be a leucocyanidin and the other 
(no. 1) a leucocyanidin glycoside. The second is 
probably a mixture of different glycosides based on 
both arabinose and glucose. Attempts are being 
made to isolate the leucocyanidin in large yield for 
structural investigation. 

At least six of the polyphenols have the properties 
of cateohins of which the only one present in 
quantity (at least 40 % of the total ethyl acetate- 
soluble ‘tannins’) is the previously isolated ( — )- 
epicatechin. No evidence of gallates was en- 
countered. A comparison of the cateohins isolated 
from cacao and tea (Bradfield et al. 1947 ; Bradfield 
& Feimey, 1948) has led to the provisional identifica- 
tion of catechin, gallocatechin, and epigallo- 
catechin, by chromatography. The other two cate- 
chins are rmidentified. 

STOEMARY 

1. The polyphenolic components in extracts of 
fresh cacao beans have been examined by paper 
strip clrromatography. 


2. At least eleven polyphenols are present 
and have been separated on columns of cellulose 
pulp. 

3. In Forastero (purple) beans there are two 
main anthocyanins with also a trace of a third 
pigment, with the properties of a cyanidin diglyco- 
side. The two main pigments are a cyanidin mono- 
glycoside and a cyanidin pentose glycoside, the sugar 
radicals being respectively glucose and glucose- 
arabinose. 

4. A sugar-free leucocyanidin and a mixture of 
leucocyanidin glycosides are also present. 

5. There are at least six catechin-like substances 
of which epicatechin is the main component. From 
cliromatographic comparison, catechin, epigallo- 
catechin and gallocatechin, would appear to be 
present. 

6. The chemical similarity between different 
species and varieties of beans used in chocolate 
manufacture is striking. 

I am indebted to Dr A. E. Bradfield for supplying the 
samples of gallocatechin, epigallocatechin, and epigaUo- 
catechin gallate which were used in the chromatographic 
work, to Dr A. C. Thaysen, Director, for his interest in this 
work, and to the Colonial Products Research Council for 
permission to pubhsb. 
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Cacao Polyphenolic Substances 

2 . CHANGES DURING FERMENTATION 

By W. G. C. FORSYTH 

Colonial Microbiological Research Institute, Trinidad, British West Indies 
{Received 6 September 1951) 


Fresh cacao beans are prepared for marketing by 
heaping in boxes so that their covering of muci- 
laginous pulp can be broken dorm tlnrough the 
action of yeasts and acetic acid bacteria (Knapp, 
1937). After this fermentation the beans are sun- 
dried. During both processes various changes take 
place in the cotyledons of the beans, which result in 
a product suitable for the manufacture of chocolate. 
The most strildng chemical changes taking place 
diuing processing of fresh cacao beans are the 
alterations in the polyphenolic substances of the 
beans, the simpler polyphenols yielding insoluble 
complexes (Hallas, 1939, 1949). 

From analogy with tea fermentation, it has 
generally been assiuned (Knapp, 1937) that the 
initial change in the cacao bean fermentation is one 
of oxidation by atmospheric oxygen activated by a 
polyphenol oxidase system. Oxidases are certainly 
present in abundance (Brill, 1915,- Ciferri, 1931). 

In previous work in this series (Forsyth, 1949, 
1952) it has been shown that the polj^henols 
extracted from fresh Forastero cacao with dilute 
acid consist mainly of catechin and cyanidin com- 
poimds. Both anthocyanins and leucoantho- 
cyanins are present. Of the catechins, epicatecliin 
is present in by far the greater proportion. 

By quantitative paper chromatography of 
extracts of beans removed from the fermentation 
heap tluoughout the process, the destruction and 
conversion of the main polyphenols has now been 
followed. The changes during artificial treatments 
of the beans have also been investigated. 

METHODS 

Commercially fermented beans. Twenty beans were taken 
at random from a fermentation ‘ sweat box ’. This number is 
required to give a representative sample. The beans were 


peeled and the cotyledons (about 20 g.) immediately ex- 
tracted with O-Sn-HCI as described in Part 1 (Porsyth, 
1952). 

Chromatographic estimation of polyphenols. The extract 
(0-2 ml.) was streaked across the starting line (16 cm.) of a 
IWiatman no. 1 paper sheet 20 cm. wide. Two lanes at the 



Fig. 1. Quantitative paper chromatography of O-Sn-HCI 
extract of fresh cacao beans. Lj, complex leucooyanidins; 
Lj, leucocyanidin; Aj, cyanidin monoglucoside; Ao, 
cyanidin arabinoglucoside; O, epicatechin. 

side were used to spot on marker solutions of fresh bean 
extract. The sheets were then chromatographed with amyl 
alcohol-acetic acid-water for 18 hr. (Forsyth, 1949, 1952) by 
descending chromatography. Before drying the paper the 
anthocyanin pigments were cut out and extracted to pre- 
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vent fading. The lemainder of the paper -was allowed to dry 
at room temperature. The marker strips were cut out and 
passed through vaniUin-HCl to detect the epioatechin spot. 
The sheets were cut as shown in Kg. 1. In all, five com- 
ponents were estimated which make up the bulk of the 
soluble polyphenob of Torastero cacao beans. 

The leitcocyanidins (I/i, L^- These compounds were not 
detected on the paper, but were known to be present in the 
selected sections of the chromatogram (Forsyth, 1952), 
along with traces of the other catechins. They were esti- 
mated by refluxing the paper sections for 16 min. with 
10 ml. 7i-butanol and 2 ml. lOir-HGl which converts them to 
cyanidin. The cyanidin solution was purified and deter- 
mined colorimetiioally as described by Hallas (1949). 
Blank paper sections gave no coloration with this treatment. 

The anthoeyanine (v4i, ^2). These pi^ents were extracted 
from the paper with 10 ml. methanolic HCl (OBn) and esti- 
mated colorimetricaUy (Hallas, 1949). 

[-yEpicatechin (C). The catechin was detected with 
vanillin-HCl and estimated by extraction with 10 ml. 1 % 
(v/v) H2SO4 and titration with O-Ol K-KMn04. 

As controls, fresh beans were used, extracted and 
chromatographed simultaneously and in an identical 
maimer. All results are expressed as a percentage of each 
component as present in the fresh bean. An HCl (0-3n) 
extract is stable for at least 24 hr. since, although the 
enzymes do not appear to be destroyed by the acid, they do 
not act at this low pH. 

Laboratory treatment of beans for the 
study of oxidase activity 

Grinding in air. When fresh, peeled beans are ground in a 
mortar and exposed to the air a rapid browning and com- 
plete disappearance of all the soluble polyphenols present 
takes place within 1 hr. After only 15 min, grinding over 
80% of each component has been destroyed. Such a treat- 
ment is not suitable for enzyme studies. It was found, how- 
ever, that similar extensive changes take place when beans 
are disintegrated in water, if sufficient aeration is permitted. 

Grinding in aqueous solutions. Twenty fcesh peeled beaus 
were disintegrated in a Waring Blendor for 1 min. ivith 
100 ml. water, left for 4 min., reblended for 0-5 min., left for 
4'6 min., reblended for 0-5 min., left for 4’6 min,, and then 
the acidity of the suspension made 0-3 n with cone. HCl and 
blended for a further minute. The final acid suspension was 
filtered and the polyphenols remaining determined in this 
filtrate by the previously described method. In this way, 
the beans were exposed for 15 min. to high aeration and 
disintegration. Boiled beans treated similarly showed no 
change. The pH during the blending could be made any 
desired value, and enzymic poisons could be introduced, to 
study their effect on the oxidase system. To study the effect 
of temperature the beans could also be blended in hot water, 
maintained at 50° by immersing the blender in a water bath 
between the short blends. 

Dcicrminai ion of oxidase activity in whole beans. Although 
cacao beans contain a particularly powerful oxidase syst^ 
the results from a commercial fermentation did not suggest 
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those in a sweat box but under completely sterile conditions, 
and in a hydrogen atmosphere. 

The beans were extracted with acid in the normal manner, 
hut the polyphenols in the extract from both peeled and un- 
peeled beans were estimated to determine the losses due to 
exudation of polyphenols, from the cotyledons to the tests. 


Laboratory treatment of beans for the 
study of anaerobic enzyme activity 

The above methods are not very suitable for a more in- 
tensive study of the enzymes since it would be difficult to 
obtain a disintegrated suspension of the beans rvithout 
oxidation taking place. It was therefore decided to in- 
vestigate whether a dry powder could be obtained containing 
the enzymes and substrate intact. This is feasible, since in 
fresh beans all the polyphenolio substances are located in the 
vacuoles of special isolated cells, and if the beans are "washed 
free of pulp and dried in the sun, or dehydrated at low 
temperatures in a well ventilated oven, the cells are de- 
hydrated in situ, and no change in the solubility of the com- 
ponents can be detected. The dry beans can then be ground 
to a fine powder without enzyme action taking place owing 
to their low moisture content. It was found that such a 
powder serves as a reasonably stable source of enzyme and 
substrate. 

To investigate the anaerobic changes dry powder (20 g.) 
was submerged in water (100 ml.) sealed with liquid paraffin, 
for various times. The powder wetted easily and only a 
preliminary shake to mix was given. The suspension was 
then acidified to 0-3 N with HCl as before, blended for 
3 min., and filtered. The polyphenols were estimated in the 
usual manner. The pH and temperature could be varied and 
enzyme poisons introduced. In no case was the catechin 
affected under anaerobic conditions, except where HjOj 
was added, and the constancy of the catechin value was used 
as a check on the anaerobiosis. Any extract in which the 
catechin deviated from the control by more than 5 % was 
discarded. Boiled beans were unaffected by this treatment. 

RESULTS 

In normal Trinidad practice the fresh beans are 
allowed to ferment in sweat boxes for from 6 to 
8 days and are then removed to the drying platform 
for sim-drjdng. A typical analysis of such beans is 
shown in Fig. 2. 

The effects of pH and of inhibitors on the changes 
activated by the oxidases, during blending, are 
shown in Table 1. When the beans were ground at 
50° at pH 5-0 the oxidase system remained active, 
i.e. the oxidases were not to any great extent in- 
hibited by the highest temperature and acidity 
reached in commercially fermented beans in the 
sweat box. However, when the residual epicatechin 
was determined in both the cotyledons and testa of 


that this system IS acting m the cotyledons. This could only unpeeled beans, there was no significant 

between thecatechinremammv 


gaining access to the cotyledons during commercial fer- 
mentation. To test this, fresh pulp-free beaus were fer- 


mthe cotyledons of beans, fermented for 

the complete absence of external oxygen, and those 

/o) must be due m both cases to exudation 
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from the cotyledons to the testa. This exuded 
catechin becomes partly oxidized in the testa of 
commercial beans but not, of course, in beans 
fermented under completely anaerobic conditions. 

Anaerobic enzyme activity 

That the dry powder used in the following experi- 
ments can serve as a source of enzymes and sub- 
strate comparable with the fresh beans is shown in 
Table 2. In this table is also included a test for 
peroxidase which is shown to be present but which 
does not act under anaerobic conditions imless 
hydrogen peroxide is added. 

It will be seen in Table 2 that some changes take 
place in the cyanidin compoimds under anaerobic 
conditions even at room temperature. These 
changes are much more marked at 48°. This tem- 
perature was chosen as being Avithin the range of 
temperatme prevailing in the sweat box at the time 
of killing of the bean. The result of incubating the 
powdered beans anaerobically at 48° at various pH 
values are shown in Figs. 3 and 4. 



Mg. 2. Changes in soluble polyphenols during a commercial 

fermentation. Symbols as in Mg. 1 ; ,2^; , A,; 

, C; — +, L^. Sun-dried refers to beans 

which, after undergoing the commercial fermentation, 
were exposed to the sun till dry, i.e. the commercial 
product as shipped. 


Table 1. Oxidase activity of fresh bean homogenates in water, various buffers {Macllvaine's) 

and in the presence of inhibitors 


(For conditions of blending and method of estimation see text. The inhibitor was added before disintegration of the 
beans. Results as percentage of original amount of each component remaining after 16 min.) 





Cyanidin 

Complex 





Cyanidin 

arabino- 

leuco- 

Leuco- 



Solution pH 

monoglucoside 

glucoside 

cyanidins 

cyanidin 

Epicateohin 

Water — 

<5 

<5 

17 

<5 

13 


5-5 

<5 

13 

7 

<6 

18 

Macllvaine’s buffer 5-0 

10 

8 

12 

<5 

21 


4-5 

12 

10 

16 

10 

35 


4-0 

65 

64 

58 

72 

80 

10-= 

m-KCN 5-5 

52 

50 

80 

60 

71 

10-= 

m-KCN 5-5 

103 

107 

100 

94 

101 

10-= 

M- Ascorbic acid 5'5 

72 

67 

101 

74 

102 


Table 2. Comparison between fresh beans, sun 

■dried beans, and sun-dried powdered 

beans 

(For methods of estimation see text. 

Results as percentage of each component in 

original fresh beans.) 



Cyanidin 

Cyanidin 

Complex 

Leuco- 



Preliminary 

mono- 

arabino- 

leuco- 

Epicatechin 

Test for 

treatment 

glucoside 

glucoside 

cyanidin 

cyanidin 

Substrate 

Sun-dried beans 

91 

94 

no 

97 

94 

Sun-dried powdered beans 

108 

110 

92 

105 

101 

Oxidase 

Fresh beans, blended water 

<5 

<5 

15 

<5 

11 

activity 

for 15 min. at 25° 

Dry powdered beans 

<5 

<6 

32 

<6 

21 


blended as with fresh 






Anaerobic 

Fresh beans killed by 

55 

78 

107 

97 

99 

enz5Tnic 

activity 

freezing and incubated in 
water anaerobically at 25° 






for 18 hr. 

Dry powdered beans treated 

45 

87 

116 

87 

102 



as with frozen beans 





58 

Peroxidase Dry powdered beans 

33 

69 

59 

42 


incubated anaerobically as 
above in 0 * 1 m-H 2 O 2 
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"Whole beans killed by preliminary freezing 
showed the same changes when incubated anaero- 
bically as do powdered beans. The pH of 6-2 was 
chosen as being about the pH prevailing at the time 
of the death of the bean and pH 5-5 as covering the 
latter part of the fermentation. 



DISCUSSION 

It has been generally assumed that the mam change 
in the cacao polyphenols during fomentation is one 
of oxidation by a polyphenol oxidase system re- 
quiring external oxygen. 

The beans certainly contain a particularly power- 
ful polyphenol oxidase system capable of removing 
over 80 % of the total polyphenols in 15 min. when 
fresh beans are disintegrated and strongly aerated 
in buffer solutions, at the temperature and acidity 
prevailing in the sweat box. Peroxidase is also 
present. The oxidase has a high resistance to 
potassium cyanide in common with tea polyphenol 
oxidases (Lamb & Sreerangachar, 1940). However, 
during the commercial fermentation of the whole 
cacao beans no such rapid removal of the poly- 



rig. 3. Conversion of polyphenols in sun-dried powder at 
48“ under anaerobic conditions. Symbols as in Fig. 1; 

, pH 6-2; , pH 5-5. 20 g. powder suspended in 

100 ml. MacHvaine’s buffer under a paraffin seal for 
various times and the changes estimated as described in 
the text. 

The effect of inhibitors on the anaerobic reactions 
is shown in Table 3. Sodium fluoride and copper 
sulphate appear to inhibit the formation of the 
complex leucooyanidins {Lj) while not preventing 
the apparent conversion of the anthocyanins to 
leucocyanidin {L^). 

In no case was cyanidin itself found on any of the 
cluomatograms indicating that a simple hydrolytic 
mechanism was unlikely. 


Fig. 4. The percentage of the complex leucocyanidin 
fraction (Lj) remaining after incubation of sun-dried 
powder at various pH values in MacUvaine’s buffers 
anaerobically for 6 hr. at 48°. (Amounts used as in Fig. 3.) 

phenols takes place. Instead the simple cyanidin 
compotmds are destroyed and more complex leuco- 
oyanidins are formed. The catechiii is slowly re- 
moved from the cotyledons. WTien. powdered beans 
are fermented imder anaerobic conditions similar 
changes take place in the cyanidin compounds, but 
the catechin is completely imaffected. By ferment- 
ing whole beans under anaerobic conditions, it can 
be shown that the loss of catechin in commercial 
fermentation is due entirely to its exudation from 
the cotyledons to the testa. 


Table 3. Effect of inhibitors on the anaerobic enzymic activity of sun-dried powdered 






Boiled solution 
Buffer 

NaP (10--M) 
CuSO, 

KCN (10-=M) 


Cj'anidin 

Cyanidin 

mono- 

arabino- 

glucoside 

glucoside 

92 

95 

20 

70 

15 

64 

33 

62 

30 

67 


Complex 

leuco- 

Leuco- 

oyanidins 

cyanidin 

100 

98 

150 

104 

72 

130 

58 

132 

115 

96 
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The lack of activity of the oxidase system in the 
cotyledons during a commercial fermentation can 
only be due to a restriction in the supply of available 
oxygen. Such lack of oxygen is not surprising. In 
fermenting beans the microflora of the pulp will 
most certainly consume most of the oxygen intro- 
duced into the heap by ventilation. This is supported 
by the observation that fermenting pulp decolorizes 
methylene blue. Further, even in pulp-free 
aseptically fermented beans, the cotyledons resist 
oxidation. This is due to the changes which take 
place in the beans about the second day, when they 
are killed by the temperature and acidity. The free 
space between the cotyledons and the testa then 
becomes completely filled with a continuous layer of 
purpUsh juice. Paper chromatography shows that 
this juice contains all the soluble components of the 
cotyledons and that it is especially rich in epi- 
catechin. In a commercial fermentation this juice 
is partly absorbed by the testa and some is even lost 
in the pulp and sweatings. The exudate and the 
testa themselves undergo browning during fer- 
mentation, but even in fully fermented beans the 
juice still contains considerable catechin and acts 
as a further barrier of oxidizable substances and 
prevents access of air to the cotyledons. Oxidation 
in the cotyledons (i.e. the part used in chocolate 
manufacture) only takes place during the drying 
period. 

The significant change during fermentation 
would thus appear to be the conversion of the 
cyanidin compoimds into more complex products 
by an enzyme system acting independently of 
external oxygen. This conversion has an optimum 
pH of about 6-0, the mean pH of the fermenting 
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bean on the first day after the death of the bean. 
When the reaction is carried out in the presence of 
enzyme poisons the conversion of pigments to 
leuco compounds and the subsequent condensation 
of the latter can be differentiated. 

It is tempting to suggest that this conversion of 
cyanidin compounds may be of greater importance 
than the previously postulated ‘oxidation of 
tannins’ in determining the flavour and aroma of 
the final product. 

SHROIARY 

1. The changes in the polyphenolic constituents 
of cacao cotyledons during commercial fermentation 
have been estimated by quantitative paper chro- 
matography. 

2. The main change is the conversion of the 
simple cyanidin compounds to more complex leuco- 
cyanidins. 

3. Although oxidases are present they do not act 
in the cotyledons during fermentation due to the 
anaerobic conditions prevailing. 

4. The catechin is partly lost by exudation and 
is then to some extent oxidized trader the more 
aerobic conditions prevailing in the testa. Oxidation 
in the cotyledons, however, only takes place during 
the drying period. 

5. It is possible to obtain conversion of the 
cyanidin compounds with sun-dried, unfermented, 
powdered beans, in buffers under anaerobic condi- 
tions. The reaction appears to consist of several 
stages. 

The author is indebted to Dr A. C. Thaysen, Director, for 
his interest in this work, and to the Colonial Products 
Research Council for permission to publish. 
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Several methods have been used in the investiga- 
tion. of trace elements in eye tissues. Burdon- 
Cooper (1928) and Burdon-Cooper & Lewis (1929) 
give the results of emission spectrographio analysis 
of the mineral constituents of normal and catar- 
actous human-eye lenses. The technique failed to 
demonstrate the presence of zinc, iron and man- 
ganese, which Tauber & Krause (1943) were later 
able to detect (and estimate) by other methods. The 
latter authors pointed out that the persistent 
spectral lines of the three elements could easily be 
obscured by lines due to elements such as calcium 
and phosphorus, which are present in the ash as 
major constituents. 

The first stage in the present investigation was the 
application of modern methods of emission spectrum 
analysis to the problem of detecting and determin- 
ing trace metals in eye tissues (A.L.S. and M.H.S., 
see Shakir, 1948). So far as detection was concerned, 
excellent results were obtained, but the range 
covered by zinc, copper and manganese contents of 
various eye tissues proved to be too narrow for 
emission spectra to give quantitative information of 
sufficient accuracy. Accordingly, a good deal of 
exploratory work was carried out using organic 
reagents forming metallic complexes which could be 
■estimated by speotrophotometric methods. Selected 
procedures have now been improved and the results 
revised and extended (J.M.B.). 

In the course of the work based on emission 
spectroscop 5 % semi-quantitative estimations of 
trace elements were made on dialysed and un- 
dialysed tissues from fish eyes (Shaldr, 1948). The 
presence of comparatively large quantities of 
dinlysable inorganic material results in a cloud of 
^•nporized salts around the electrodes, and this has 
a marked effect on the recorded intensities of the 
spectral lines slwam by the ‘trace’ elements. This 
effect introduces imcertainty into the validity of 
comparing the results with dialysed and undialysed 
preparations. A fivefold difference in trace metal 
concentration is certainly demonstrable, but it is 
difficult to bo sure about small differences. The 
emission spectrum technique is thus not sufficiently 
sensitive for furtlier study of the rather small 
differences recorded by Tauber & Krause (1943) in 
respect of the concentrations of zinc, copper and 


manganese in cattle-eye tissues. In spite of such 
limitations, it seemed clear that tissues from fish 
eyes contained non-dialysable zinc and copper in 
excess of the retained amounts of other trace metals. 
The preliminary work with dithizone zinc and 
copper complexes indicated that it might be possible 
to establish si^ificant differences between the 
various eye tissues in mammals. Repetition and 
extension of the work shows this to be the case. 

Leiner & Leiner (1944) had shown for zinc in 
fish eyes that such diff'erences occur. Although the 
absolute concentrations found in each tissue varied 
greatly from species to species, a list showing the 
different types of tissues in order of decreasing zinc 
content was practically the same for all the fishes 
studied. 

The results of Tauber & Krause (1943) on cattle 
eyes do not show a similar distribution of zinc, but 
the analytical method described in their paper 
seems inadequate. Their determinations of copper 
concentrations in eye tissues appear to be the only 
ones recorded in the literatme. 

It was therefore decided that the whole problem 
of zinc and copper in eye tissues deserved further 
study. The first part of this paper embodies the 
experimental details and results of determinations 
of zinc and copper concentrations in all the eye 
tissues of several mammals. The results of these 
determinations show that the iris and choroid 
tissues contain the highest concentrations of zinc 
and copper. It therefore became necessary to in- 
vestigate the more precise location of these metals 
in irises and choroids. The second part of the paper 
deals with the experimental methods and results of 
a fractionation of irises, and a study of a pigment 
fraction obtained from irises and choroids. 


1. ZINC AND COPPER CONCENTRATIONS 
IN THE VARIOUS EYE TISSUES 

Experimentad 

Materials 

^ttle and sheep eyes were obtained from the abattoir and 
directed withm 12 hr. of the death of the animals 

the caught in 

the Antarctic region, and had been stored (whalinj shj 
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‘Balaena') in tins at a temperature below 0° for several 
months before dissection. 

Rabbit eyes from animals of Dutch, cross-bred, Hima- 
layan and albino varieties, were obtained through the 
courtesy of Dr A. U. Smith, from the National Institute for 
iMedical Research, Mill Hill, London, N.W. 7, and were 
dissected 2-3 days after the death of the animals. 

Analytical methods 

General. Concentrations of Zn and Cu were determined 
mainly on a dry weight basis, for the tissues can be lightly 
washed, to remove adhering fluids and particles, with very 
little alterations in solid content, though the natural wet 
weight cannot then be accurately determined. Approximate 
wet weights of sheep and cattle tissues were obtained by 
drying the tissues, after washing, with ashless filter paper. 
A comparison of wet and dry weight concentrations of the 
trace metals then enables the effect of the loss of water 
from liquid tissues, such as the vitreous humour, to be 
gauged. 

Preparation of tissues for analysis. Dissection was carried 
out with stainless steel instruments. An incision in the sclera 
was made with a scalpel and the front portion of the eye 
parted from the back by cutting round the outer margin of 
the iris. The tissues of the two portions were then separated 
and the two parts of the sclera combined, after removing 
the adhering muscle and fatty tissue. Each individual 
tissue was then washed -Nvith twice-distUled water. All 
manipulations after washing were carried out with glass 
rods. 

The tissues were dried to constant weight in an oven 
maintained at 110°. 

Tissues were normally incinerated, in translucent silica 
crucibles at 450-550° in an electric muflSe furnace with a 
silica lining. If the last trace of carbon residue was difficult 
to bum away it was found that addition of a few drops of 
twice-distilled water to the cooled ash permitted easy 
oxidation of the carbon on reheating. Lens tissue must be 
ymy slow ly heated to 450°, otherwise tbe contents of t he 
crucible froth over. 

To each crucible containing ash, OTN-H2SO4 (10 ml.) was 
added and the contents evaporated to dryness on a steam 
bath. More OTn-HjSO^ (6 ml.) was then added and the 
crucible heated on the steam bath for a further 10-15 min. 
The contents were then washed into the beaker used to 
support the crucible in the extraction procedure, and the 
solution was made up to a standard volume ready for the 
estimation of Ou. 

Analytical method. Both Cu and Zn were estimated 
colorimetricaUy by means of diphenylthiocarbazone 
(dithizone) solution in CCI4 . Erom an acid solution only the 
Cu complex is extracted ; if this is first removed, Zn can then 
be estimated by buffering to pH 4-75, and again extracting 
with dithizone. Extinction coefficients of the CCI4 solutions 
were measured by means of a Beckman photoelectric 
spectrophotometer. 

The method given by Sandell (1944) was used for Cu, and 
a modification of the method of Vallee & Gibson (1948) 
for Zn. 

The absorption curve of dithizone in CCI4 solution (Fig. 1) 
has a minimum about 510 m/i., and at this wavelength the 
curve for copper dithizonate (Fig. 2) is near its maximum. 
Thus, extraction with a known excess of dithizone, and 
measurements of the extinction coefficient at 610 m/i., will 
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indicate the amount of Cu present. This method is not 
practicable for Zn because a large excess of dithizone is 
needed for the Zn to be extracted quantitatively. The ex- 
tinction coefficient of pure zinc dithizonate at 620 mp. is 
very low indeed (Fig. 3) and thus, in a solution containing 
both dithizone and zinc dithizonate, measurement of the B 
value at 620 mp. gives a measure of the excess dithizone 
present. Zinc dithizonate has a maximum at 536 mp. 
(Fig. 3) and thus, if the extinction at this wavelength is 
measured, and the contribution made by excess dithizone to 
the total absorption at 535 mp. is calculated and subtracted, 
the Zn can be estimated. (The relative E values for pure 
dithizone at 620 and 535 mp. are kno^vn (Fig. 1), so that 
measurement at 620 mp. allows the E value at 636 mp. to be 
computed). 



Fig. 1. Absorption spectrum of diphenylthiocarbazone 
in CCI4 . E\ at mi^.~ 540. 



Fig. 2. Absorption spectra of copper dithizonate solutions 

in CCI4. , ash from eye tissues dissolved in OTn- 

H2SO4 . Excess of this solution extracted with dithizone in 

CCI4. excess CUSO4 in OTn-HoSOj extracted with 

dithizone in CCI4 (about OT pg. Cu/ml.). 

Reagents and apparatus. Twice-distilled water (the final 
distillation being from, and into, Pyrex glass vessels) was 
used to make up all solutions, and for the final washing of the 
vessels. All glass vessels used were of Pyrex and, after 
washing, were dried in an oven at 110° and stored away from 
dust. 
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All reagents used were of standard A.B. 
di^enylthiooarbazone (British Drug Houses Ltd.) which 

bore no special label: „ 

(a) O-In-HjSO,: 2-7 ml. A.R. HjSOi made up to 1 h 
(h) Sodium thiosulphate solution: 25 g. NajSjOa.SHjO m 

^°?crBuffM\'pH4-76): 2n-acetic acid (500 ml.) and 2 n- 
sotom acetate (600 ml.) were mixed together. Even when 
reagents of A.R. quaUty were used, this solution gave a sub- 
stantial ‘blank’ reading in the Zn estimation. Tina was 
eliminated by shaking 1 1. of the buffer solution, for 5-lOmm. 
each time, with successive portions of OBI % dithizone 
solution, and discarding the lower (CCI4) layers until the 
colour of the dithizone remained unchanged. 



Eig. 3. Absorption spectra of zinc dithizonate solutions in 

CClj. , absorption spectrum of zinc dithizonate in 

CClj (about 0'35 fig. Zn/ml.) , ash solution from 

choroid (pH 4-75) extracted with dithizone in Cdi. 
Absorption curve determined and corrected for excess 

dithizone (peak at620mfi.) ,a8h from iris treated 

similarly. The curve for pure zinc dithizonate corre- 
sponds with the ordinates on the left, the other curves 
with those on the right. 

(d) Copper solutions: CuSO^.SHjO (0'1964g.) was dis- 
solved in O'In-HjSOj (1 1.). Prom this a solution containing 
1/jg. Cii/ml. was prepared by dilution with 0'1 n-HjSO<. 

(c) Zinc solutions: ZnS0i.7H20 (0-2198 g.) was dis- 
solved in 0-1 N-H.SO, (1 1.). From this a solution containing 
1 (ig. Zn/ml. of O-ls-H.SOj was prepared by dilution. 

(/) Dithizone solutions (0-01 and 0-003 % w/v) were made 
up in A.R. CClj and filtered. These solutions deteriorate 
slowly ns a result of oxidation. Fresh solutions were made up 
every 3 months and stored in the dark at 0°. 

CaUhralion. (i) Copper: solutions containing 0-10 pg. of 
metal in 10 ml. O-In-H-SOj were extracted with 0-003% 
dithizone solution (6 ml.) in separating funnels. The lower 
layer was run off into a 10 ml. standard flask and the re. 
mniniiig drops washed through with CClj. Readings of the 
extinction at a wavelength of 510 mp. were made on the 
spectrophotometer. A straight-line graph was produced by 


•nlotting the extinction against amount of Ou to be extracted. 

A similar graph was produced for a 0-25 pg. range by 
proportionately greater quantities of reagents and final 
dilution ofthe CClj extract. , 

(ii) Zinc: solutions containing 0-10 pg. of metal m 10 ml. 
O-In-HjSOj were placed in separating funnels and 6 ml. 
buffer (pH 4-75) and 1 ml. sodium thiosulphate solution 
were added. Each mixture was then shaken with successive 
1 ml. portions of 0-01 % dithizone solutions until the lower 
layer (CClj) remained green after shaking for 2 min. Each 
portion was run off into a 20 ml. standard flask and -the last 
drops were washed through with CCI4. The solution was 
made up to volume and readings of extinctions at 535 and 
620 mp. were made. 

A straight-line graph was produced by plotting E 535 
0-25 Bezomp. against the amount of Zn (0-10 pg.) to be ex- 
tracted. A similar graph was obtained for the range 
0-50 pg. Zn, after diluting the final extract to 50 ml. 

Blank estimations were carried out with each set of Zn 
and Cn estimations as a precaution against casual con- 
tamination in the apparatus and standard solutions; these 
estimations also served as a check on the deterioration of the 
0-003% dithizone solution used to extract Cu. If the blank 
estimations were found to give a lower extinction than when 
the dithizone solution was fresh, the standard graph was re- 
calibrated. The .®e2omp./-®535mp. ratio of the 0-01 % dithizone 
solution was checked weekly, and the current value was used 
in calculating the absorption at 535 mp. due to dithizone. 
The average value for the ratio was 4-0 and the greatest drop 
recorded in 3 months was from 4-2 to 3-8. 

Specificity of the extraction procedures. Sandell (1944) 
states that several other metals are partially extracted, if 
present in certain relative concentrations, by the procedures 
used here for Cu and Zn. To determine whether such metals 
are present in amounts sufficient to cause significant inter- 
ference in the present work, absorption curves for extracts 
from typical asb preparations of eye tissues were obtained by 
the above procedures. 

In the case of Cu, all the dithizone shaken up with a 
solution of Cu salt in 0-l2;-H2SO4 is converted to copper 
dithizonate merely by the presence of a sufficient excess of 
Cu in the aqueous phase. Thus Fig. 2 compares the ab- 
sorption curve of dithizone in 0^4 shaken up -svith large 
excesses of CuSOj solution, and a solution of mixed eye- 
tissue asb, respectively. 

In the case of Zn, excess dithizone is always present in the 
extract. However, if it is assumed that the absorption of a 
zme dithizonate solution at 620 mp. is zero (which is very 
nearly the case), then, if Zn is the only metal extracted, the 
absorption at 620 mp. is solely due to dithizone. Prom the 
abso^Uon curve for pure dithizone the relations between 
-fc'eson.a. value and the E values of a dithizone solution at 
other wavelengths is known, and thus the amount of light 
abso^tion at any wavelength due to dithizone in a mixed 
solution of zme ffithizonate and dithizone. can be found. By 
subtraction ofthe E values calculated to be due to dithizonf 
from the total ^ values at various wavelengths of such a 
mixture of ffitffizone and zinc dithizonate, the extinction 

tmc"tTon ^ dithizonate, if tTe e “ 

traction procedure IS specific, can be found. The absomtion 


m an 
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extract from a solution of ZnS04 under the standard condi- 
tions described above. Such a correspondence would hardly 
occur if another metal dithizonate were present, even though 
the original assumption, that the 620 m^t. absorption was 
whoEy due to dithizone, was unjustified. 

The correspondence between the Cu curves demonstrates 
that here, also, the extraction procedure is specific for Cu. 

The curves, both for Zn and Cu, agree with those given by 
Mscher & Weyl (1935) and Fischer (1937) for the pure metal 
dithizonates. 

Estimation 'procedure. The solution of ash in O-In-HoSOi, 
obtained as described in the section on preparation of tissues 
for analysis, was made up to a standard volume with 
0'1 n-H 2S04 (the exact volume depending on the weight and 
kind of tissue analysed) and a sample taken for Cu extraction. 
The sample was made up to approximately 10 ml. with 
0-1N-H2S04 and shaken with 6 ml. of 0'003% dithizone 
solution in a separating funnel. If the CCI4 layer was then 
red, a further 9 ml. of dithizone solution were added and the 
whole again shaken. The extract, either 6 or 15 ml. in 
volume, was then run off and made up to volume as de- 
scribed before. Comparison of the value of the extinction 
at 510 m/i. with one of the standard graphs then indicated 
the amovmt of Cu present. 

A smaUer sample was taken for Zn estimation. This was 
first made up to approximately 10 ml. with 0-1N-H2S04 in 
a separating funnel and extracted with excess dithizone 
solution to remove Cu. Buffer (pH 4'75) and sodium thio- 
sulphate solutions were then added and Zn extracted as 
described in the section on cahbration. The extract was 
washed through with CCI4 and made up to a volume putting 
the extinction values within the effective range of the 
spectrophotometer. The amount of Zn present was obtained 
by referring to the standard graphs. 

Accuracy' of the method. The reproducibUity of the results 
was tested by homogenizing a mixture of cattle irises, 
choroids and lenses in a Waring Blender. Portions of the 
homogenate were dried, reduced to ash and the Zn and Cu 
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estimated by the standard procedvue given above. Dry 
weights of the homogenate portions were of the order of 
0-6 g., which was a rough average figure for the dry weights 
of the whole tissues taken for analysis in the foEowing work. 

Results 

The results are summarized in Tables 1-4. In 
Table 1, samples 1-6, inclusive, were ashed in silica 
crucibles, and samples 7 and 8 in platinum crucibles. 
WTien tissues containing little organic matter, such 
as the aqueous and vitreous humours, were ashed, 

Table 1. Reproducibility of zinc and copper estima- 
tions on eight equal portions of a homogenate of 
cattle lenses, irises and choroids 


Sample 

Zinc 

(/rg./g. dry 
material) 

Copper 
(pg./g. dry 
material) 

1 

168 

87 

2 

161 

90 

3 

159 

85 

4 

160 

81 

5 

154 

86 

6 

148 

80 

7* 

170 

92 

8* 

160 

85 

Mean 

160 

86 

Standard deviation 

7-03 

3-80 


* Ashed in Pt crucibles; all others in sEica crucibles. 


the deviation from the mean for samples in sEiea 
crucibles was somewhat greater than that shown 
above, and the mean of the results for these samples 
was consistently less than that for samples ashed in 
platinum crucibles. This effect is presumably due to 


Table 2. Concentration of zinc in the eye tissues of some mammals 


(A dash indicates that no analysis was made. 


Numbers in brackets denote pg-jg. wet tissue.) 


Tissue 

Iris plus cEiary body 
Choroid plus pigment epithelium 
Betina minus pigment epithelium 
Lens 

Aqueous humour 

Vitreous humour 

Sclera 

Cornea 

Optic nerve 


Babbit 


Cattle 

Sheep 

Sperm whale 

/ 

ihS-lg- 

{pg-Jg- 

{pg-ig- 

Coloured Albino 

dry tissue) 

dry tissue) 

dry tissue) 

(pg./g. dry tissue) 

246 

436 

99-5 

127 54-4 

(41-0) 

(65-1) 



139 

277 

■37-2 

466 86-2 

(26-5) 

(69-2) 



71-0 

80-0 

54-1 

— — 

(7-2) 

(7-3) 



37-3 

117 

35-2 

15-8 . 12-5 

(15-0) 

(47-2) 



30-0 

— 

— 

— ■ — 

(0-29) 




28-4 

23-2 

10-5 

— — 

(0-35) 

(0-29) 



14-6 

56-0 

0-33 

— — 

(4-1) 

(16-1) 



13-5 

25-0 

35-3 

0-6 12-1 

(2-3) 

{3-6) 



6-8 

— 

— 

— — 

(2-2) 
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Table 3 


COPPER AND ZINC IN lilAI^MALIAN EYES 

. Oo»e«<™*n» «/ cower « Ac eye <»oe. o/ come mamy,aU 


(A dash indicates that no analysis was 


made. Numbers in brackets denote (xg./g. wet tissue.) 


Babbit 



Cattle 
(pg-/g- ^ 

Tissue 

dry tissue) 

Iris plus ciliary body 

27-5 

(4-6) 

Choroid plus pigment epithelium 

9-8 

(1-7) 

Retina minus pigment epithelium 

6-8 

(0-67) 

Lens 

1-2 

{0-46) 

Aqueous humour 

10-4 

(0-10) 

Vitreous humour 

17-7 

(0-24) 

Solera 

4-8 

(0-13) 

Cornea 

3-2 

(0-57) 

Optic nerve 

5-6 

(1-8) 


Sheep 

{pg-/g- 
dry tissue) 

Sperm livhale 

dry tissue) 

Coloured Albino 

(Fg-/6- ^*7 tissue) 

50-1 

5-9 

11-6 

14-V 

(7-4) 



21-0 

13-5 

2-2 

16-8 

(3-4) 




11-5 

10-6 

— 


(1-3) 



0-49 

2-1 

4-2 

0-G2 

(0-8) 

. - 

— 

— 

24-0 

5-9 

— 

— 

(0-3) 




61 

0-074 

— 

— 

(1-4) 



1-5 

1-9 

(0-26) 

3-4 

0-30 


7-9 

— 

— 

— 

(2-6) 





the formation of stable silicates. (Only two plati- 
num crucibles were available, so that silica crucibles 
were used for all analyses except where otherwise 
stated.) 

Table 4. Zinc and copper concentrations in the 
eye tissues of three individual sheep 


(Results are in /ig./g. dry tissue.) 



Lens 

Iris 

A 

Sclera 

A 

Animal 

Cu 

Zn 

Cu Zn 

Cu 

Zn 

1 

2-8 

124 

40 

458 

4-6 

41 

2 

1-7 

129 

41 

401 

6-6 

47 

3 

2-1 

92 

69 

450 

4-0 

67 


The results obtained for Cu in Table 1 are not indicative of 
the physiological Cu concentrations of the tissues used, for it 
has been observed that any aqueous solution placed in the 
Waring Blendor accumulates Cu, presumably from the 
alloys of the stirring mechanism. 

Discussion 

Table 2 shows that the zinc concentrations in the 
various types of tissue in mammalian eyes differ to 
a considerable extent. The differences are, in most 
cases, very much greater than could be accounted 
for by the experimental error (Table 1), Tlie differ- 
ences between the concentrations of copper in the 
various tissues, shown by the results of Table 3, are 
not so great, but in most cases are larger than the 
latitude, indicated in Table 1, wliich could arise 
from the experimental procedime. Table 4 shows that 
the differences in zinc and copper concentrations 
between the eyes of three individual sheep were 


small compared with the differences between the 
various types of tissue of the same sheep. Variation 
between individuals of the same species was not 
studied further because the eyes were obtained from 
a large abattoir and it was not easy to ascertain the 
breed, or the history, of the animals. 

That the differences between the various eye 
tissues go deeper than peculiarities either of indi- 
viduals or species, is indicated by the fact that the 
tissues can be placed in an order (in respect of their 
zinc and copper concentrations) which is roughly the 
same in each of the species examined. This order is 
very similar to that obtained from the results of 
Leiner & Leiner (1944) on the zinc content of fish- 
eye tissues, though the absolute concentrations 
were often much higher than those in the mam- 
malian species examined here. 

The results given in Table 2 for zinc concentra- 
tions in cattle-eye tissues are very much higher than 
any of the values found by Tauber & Krause (1943) 
for bullocks. However, the specificity of their 
method of estimation is questionable. They ex- 
tracted the dithizone complex from an aqueous 
solution, the pH of which was probably acid, and in 
any case was never rigorously controlled. The re- 
action of dithizone with zinc can be made specific 
only in a solution at about pH 4-75, and in the 
presence of sodium thiosulphate or some other 
suitable complex-formhig reagent. In acid solution, 
without any added reagents, only copper is likely to 
be extracted. The zinc/copper ratio found by them is 
actually never much greater than 1, whereas the 
zinc content of most biological materials is several 
times as great as that of copper. 


S 
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The distribution of zinc and copper between the 
various types of sheep-eye tissues coincides with 
that foixnd by Shakir (1948), and the concentrations 
of zinc foxmd in each case are very similar. The con- 
centrations of copper shown in Table 3 tend to be 
somewhat lower than the results for corresponding 
tissues given by Tauber & Krause for cattle, and by 
Shakir for sheep; this difference may be due to 
individual variation of the animals and to variation 
in pasture food. 

It is significant that, both in the present work on 
zinc and copper in mammalian eyes and in the work 
on zinc in fish eyes, the highest concentrations of the 
metals were formd in the pigmented parts of the eye. 
It is relevant that the only species (of those ex- 
amined here) in which the retina, or any other 
tissue, contains a higher concentration of either 
metal than the iris, or choroid plus pigment epi- 
thelium, is the whale, whose choroid is thick, 
spongy and low in pigment. In addition, the whale 
eyes had been preserved and, on dissection, it was 
found impossible to separate spots of adliering 
pigment epithelirun from the almost liquid retina. 

The results for coloured and albino rabbit eyes 
show without doubt that the high concentration of 
zinc in the iris and choroid tissues is dependent, at 
least partly, on the presence of melanin pigment. 
No large difference was observed between the copper 
concentrations in the two types of eye, but the total 
amoimt of copper estimated was so small in each 
case (0-8-2’0 pg.) that the error introduced by ashing 
makes the results probably not significant. 

Flesch (1949) reported a connexion between the 
concentration of copper in rabbit hair, and pigmen- 
tation. He observed a small difference between the 
copper concentrations in white and black hair from 
the same rabbit, though white hair from one rabbit 
might contain more copper than the black hair 
from another. Fore (1950) found no difference in 
manganese contents of the two types of hair, but a 
big drop in ash weight in white hair. We have formd 
a small lowering of zinc concentration in white hair, 
no difference in copper concentration, and again a 
big drop in ash weight. Thus, in the rabbit, it 
appears that though zinc and copper may be con- 
cerned in the pigment problem, some other mineral 
element or elements are present in enhanced 
quantity in pigmented hair. 

2. FRACTIONATION OF 
PIGISIENTED TISSUES 

Flesch (1949) has shown that pigment separated 
from a mouse melanoma contains much more 
copper than the melanoma tissue itself. Leiner & 
Leiner (1944) showed that grey or black powders, 
separated by differential centrifugation from 
powdered dry fish eyes, contained rather more zinc 
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than colourless fractions, though a yellow fraction 
contained more still. They did not postulate a con- 
nexion between zinc concentration and pigmenta- 
tion. 

In view of these facts and the evidence recorded in 
the first part of this paper, it was decided to de- 
termine whether zinc and copper are concentrated 
in the pigment fraction of the iris and choroid 
tissues of mammals. 

Experimental ArETHons and results 

It was established by analysis that cattle irises and 
choroids from left and right eyes of the same animal differ in 
their zinc concentrations by less than 16% of the mean 
between the two, and in their copper concentrations by less 
than 20 % of the mean. ^ 

A number of pairs of cattle eyes were obtained from the 
abattoir ; one of each pair of irises dissected out was analysed 
whole, and the other of the pair fractionated to obtain pig- 
mented material. 

Fractionation 

Whole irises (3-6) were digested with 5 ml. of an approxi- 
mately 2% (w/v) trypsin suspension and about 25 ml. of 
twice-distiUed water for 24-36 hr. at 37°. The melanin 
pigment can then almost all be washed away from the bulky 
residue of undigested fibrous, connective and muscular 
tissue, which is allowed to remain in the digestion flask. 


Table 5. Zinc and copper present in various fractions 
of cattle irises obtained by digestion with trypsin 


Fraction 

Dry weight 
(g-) 

Zinc 

(Mg-) 

Copper 

(fig-) 

Exp. 1 

Undigested residue 

0-0430 

9-6 

0-9 

Combined washings 

0-2679 

24-6 

8-0 

Pigment fraction 

0-1383 

101-0 

9-0 

Total 

0-4462 

135-2 

17-9 

Trypsin blank 

0-0508 

23-6 

1-9 

Whole irises ashed 

0-5050 

99-0 

9-8 

Total 

0-5558 

122-6 

11-7 

Exp. 2 

Undigested residue 

0-2175 

22-8 

2-4 

Combined washings 

0-1945 

11-1 

4-6 

Pigment fraction 

0-0997 

74-5 

8-0 

Total 

0-5127 

108-4 

15-0 

Trypsin blank 

0-0534 

23-4 

2-4 

Whole irises ashed 

0-4992 

79-6 

9-8 

Total 

0-6526 

103-0 

m 

Exp. 3 (calves) 

Undigested residue 

0-1766 

9-0 

4-0 

Combined washings 

0-2048 

17-8 

4-2 

Pigment fraction 

0-1207 

62-8 

5-3 

Total 

0-6021 

89-6 

13-5 

Trypsin blank 

0-0431 

12-0 

2-8 
^ f\ It 

Whole irises ashed 

0-4647 

80-0 

10*5 

Total 

0-5078 

92-0 

l3^ 


The washings were centrifuged until the supemata^ 
liquid was yellow, and this solution was then poured oB. 
The residue was stirred up with twice-distiUed water an 
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O-lN-HCl for 1 hr. on a steam bath. The insoluble residue 
was centrifuged down, washed, dried, weighed and analysed. 
Keaults are shown in Table 8. 
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recentrifuged, the operation being ™i^“he 

until no opacity due to protein was observable m the 
washings. The washings were all added to the ongma 

mSgesl^d^residue, the washings, the pigment frac- 
tion and a blank containing 5 ml. of the trypsin ^sponsion 
were aU dried, ashed and analysed for Zn and Cu by the 
methods already described. The results are “ 

Table 5 -with the analysis for the ‘ control inses, which 
been dried and ashed whole. These results, plus the tr^sm 
blank figures, should equal the total for the vanous fractions 

*if no contamination or loss has occurred. 

Pairs of whale eyes were not available, and digestion of the 
irises, possibly due to the presence of fat, only partially 
separated the pigment from the rest of the tissue. Thus it 
was not possible to construct a balance sheet showing the 
amounts of Zn and Cu to be found in the pigment fraction and 
in the other parts of the tissue. However, in the pigment 
which was separated, Zn and Cu were present in much 
greater concentration than in the original tissue. 

It was likewise found impossible, even after 3 or 4 days 
digestion, to separate more than a small amount of the 
pigment from cattle choroids, in the manner used for irises. 
It was again found, however, that the pigment fraction which 
was isolated was much richer in Cu and Zn than the 
original tissue. In Table 6 are collected the results of 
analyses of dialysed pigment fractions from the various 
sources mentioned above. 

Table 6 . Zinc and copper concentrations in various 
pigment samples, prepared from eye tissues by the 
trypsin digestion procedure followed by dialysis 


Source of pigment 

Zine 

(pg./g. dry 
material) 

Copper 
(^g./g. dry 
material) 

Adult cattle irises: 

Batch 1 

1000 

78 

2 

730 

65 

3 

719 

87 

4 

748 

80 

Calf irises 

522 

44 

Humpback whale irises 

968 

56 

Adult cattle choroids 

737 

48 


Table 8 . Effect of acid hydrolysis upon the zinc and 
copper concentrations and the dry weight of in- 
soluble material, of an iris pigment fraction 



Dry 

weight 

(g-) 

Zinc 

content 

{pgf 

Copper 

content 

{ye-) 

Original pigment 
material (A) 

0-1225 

100 

9-1 

Insoluble residue after 
hydrolysis of (A) 

0-0741 

0-8 

8-1 


Part of the insoluble residue was retained as a wet 
suspension. The absorption curves of this suspension in twice- 
distilled water and of a suspension of the original pigment 
fraction are given in Fig. 4. 



Further examination of the pigment fraction 

Jtcncu'cd digestion. Part of the pigment fraction obtained 
from six cattle irises by the above procedure was analysed as 
such for Zn and Cu, and part was digested with 2% (w/v) 
trypsin suspension for a further 3 days at 37° before analysis. 
Results for the two analyses are shown in Table 7. 


Fig. 4. Absorption spectra of suspensions of melanin 
material from cattle irises, before and after acid hydro- 
lysis. , absorption spectrum of the original melanin 

material suspended in trvice-distilled water (pH 5-0). 

, absorption spectrum of a suspension of the 

insoluble residue after hydrolysing melanin material. 


Tfiblo 7. Zinc and copper concentrations in two 
pigment preparations before and after a second 
trypsin digestion 

Zinc Copper 

irS-IS- dry material) (f»g./g. dry material) 

Pigment , -A ^ ^ A ^ 

preparation Before After Before After 

1 871 1073 107 84-9 

- 874 102S 113 82-1 

Hydrolysis irith acid. Part of a pigment fraction was 
analysed intact, and part weighed and then treated with 


The amount and nature of the ash of the pigment fraction. 
The percentage of the dry weight of the pigment fraction 
recoverable as ash was determined for a sample repeatedly 
washed and centrifuged dmvn from twice-distilled water, 
and on a sample dialysed for 3 days against twice-distilled 
water. Ashing was carried out in a platinum crucible and the 
respective percentages for the two samples were found to he 
2-594 and 2-590. 


it IS Clear that no more than a small part of the ash can be 
accounted for by Zn and Cu salts or oxides, for these make 

respectively, of the dry weight 
of the pigment sample. ° 
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It was therefore decided to investigate the other metallic 
constituents of the ash by a qualitative emission spectro- 
scopic technique. 

The Hilger E 1 -301 version of the Littrow emission spectro- 
graph was used, and an arc source was used for excitation of 
the electrode and ash. 

By means of the Hartmann diaphragm three spectro- 
grams were taken without moving the photograpliic plate: 
(a) a control consisting of pure grapliite rods; (6) the test 
material placed on a hollowed graphite cathode opposite a 
graphite anode and (c) a reference standard consisting of 
two pure iron electrodes. 

Spectrograms were photographed for two wavelength 
ranges: 2250-2880 and 2880-5050 A. 

The two spectrograms for these ranges, each comprising 
three spectra in exact juxtaposition, were examined on a 
Judd Lewis comparator. Lines in the test spectrogram not 
present in the control were identified by reference to the 
iron lines in the third spectrogram. The iron spectrogram 
was charted, and the imknown lines in the test spectrogram 
identified by reference to labelled photographs in Erode 
(1939) and the wavelength and element tables in the 
Massachusetts Institute of Technology Wavelength Tables 
(1939). Unequivocal ‘raies ultimes’ were identified for Ca, 
Ba, Mg, Ee, Cu and Zn. The number of iron hues in the test 
spectrogram was very large and it appears that this element 
was the major metallic constituent of the ash. These metals, 
together with Na, were identified in a simOar manner in a 
batch of irises which had been repeatedly washed with 
twice-distilled water. This demonstrates that they have not 
been introduced into the material during the digestion or 
dialysis procedures. 

Discussion 

The results presented in Table 5 show, without 
further inquiry, that greater amounts of zinc and 
copper are associated with the pigment fraction of 
cattle irises than with any other fraction. How- 
ever, on close inspection of the results, several 
matters are seen to require comment. 

It was to be expected that the smn of amoimts 
found in the iris fractions would be less than the 
amotmt in whole iris since losses due to decomposi- 
tion of organic compoimds are inevitable during 
digestion and in evaporation at 100° of the large 
quantities of water present in the washings. 
Differences between the dry weights and zinc and 
copper contents of the two irises from the eyes of the 
same animals are also boimd to occur as a result of 
biological variation and imperfect separation in 
dissection. Taking these factors into accoimt, there 
appears to be fairly good agreement between the 
results for corresponding groups of irises, and it may 
be concluded that little or no contamination or loss 
of zinc and copper took place. 

The proportion of the total dry weight, zinc con- 
tent, and copper content, foimd in each fraction 
varied somewhat from one experiment to another; 
this was probably due to variations in the extent of 
digestion of the tissue and to small variations in the 
separation teclmique. 
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In each experiment, the concentrations of zinc 
and copper in the dry pigment were much higher 
than in the other fractions of the original tissue. 
The accumulation of zinc was much greater than 
that of copper, and the concentration of zinc was 
increased by further trypsin digestion of the pig- 
ment fraction, whereas that of copper was de- 
creased. Dialysed samples of pigment retained the 
high concentrations of both metals. Pigment 
fractions isolated from cattle choroids and from 
humpback whale irises contained concentrations of 
zinc and copper similar to those in cattle iris pig- 
ment fractions. 

Table 6 shows that the high concentrations of 
zinc and copper in cattle irises can be ascribed to 
accumulation in the pigment fraction. Table 6 
shows that similar accumulations occur in cattle 
choroids and whale irises. In conjvmction with the 
results in the first part of this paper, it thus appears 
that the pigment material in mammalian eyes is 
closely associated with much more zinc and copper 
than is present in most mammalian tissue con- 
stituents. 

That the pigment from cattle irises is of the 
melanin type, is indicated by the retention of colour 
in the portion of the pigment fraction which is in- 
soluble and resistant to acid hydrolysis. Natural 
melanins have usually been isolated as the insoluble 
residues of prolonged acid or alkaline hydrolysis of 
pigmented tissues. The term ‘melanin’ is ill- 
defined; different workers have used different 
combinations of properties to characterize the 
material, and it is by no means certain that all the 
substances which have been given this name have 
the same chemical structure. The tests for melanin 
identity employed in the present work are quoted in 
the classification by Mason (1948). 

Physical evidence for the identity of the pigment 
from cattle irises is given by the absorption curves 
(shown in Fig. 4) for suspensions of the original 
pigment fraction, and of the residue, after acid 
hydrolysis of this fraction. These are similar to 
those for melanins from other sources (Edwards & 
Duntley, 1939; Serra, 1945; Zwicky & Almasy, 
1935). Shakir (1948) obtained similar curves for 
pigment in a supernatant suspension made by 
grinding choroids ; tliis material had a higher con- 
centration of zinc and copper than the whole tissue. 
A chemical test used by many workers (e.g. Sachs, 
1944) for melanin is the bleaching of the colour by 
strong oxidizing agents. Concentrated nitric acid 
rapidly destroyed the colour of the material 
obtained by us. 

A material analogous to the pigment fraction of 
cattle irises was obtained by Greenstein, Turner & 
Jenrette (1940), who showed that the black im 
soluble fraction from mouse melanomas hydrolysed 
with trypsin contained much protein. This protem 



COPPER AN D ZENO IN MAMMALIAN EYES 


Vol_ 51 COPPER AND ZiNU u 

dissolved on acid hydrolysis, leaving a highly 
coloured residue having a nitrogen content which 
coincided with that of melanins synthesized from 
tyrosine. 

It is considered that the evidence presented gives 
sufficient justification for placing the chromogenic 
material of the pigment fraction from cattle irises in 
the melanin category. 

It has now been fairly well established that mouse- 
melanoma tissue contains a tyrosinase and that 
copper is an essential part of this enzyme (Lemer, 
Fitzpatrick, Summerson & Calkins, 1950). Flesch 
(1949) suggests that copper becomes hoimd to the 
pigment in the neighbourhood of the sulphur atoms 
of sulphur-containing amino -acids of the attached 
protein. The relatively large amount of copper in 
the pigment fraction certainly cannot be due to 
tyrosinase in the free state, for the enz 5 nme is water- 
soluble, and would have been removed in the 


from black feathers contained 2-3 % ash, which was 
chiefly iron oxide. Rothman & Flesch (1943) 
isolated a red pigment, containing iron in the feme 
form, from bright-red human hair. They stated, 
however, that such a pigment had not been obtained 
from any human hair except red, nor from the hair of 
any other animals. Giuliani (1938) found that dried 
ink from the squid (Sepia officinalis) gave a total 
ash of 1-86% of the dry weight, and a copper 

analysis of 1-17 % of the dry weight. 

There exists no direct evidence yet which might 
settle the problem of whether the high concentra- 
tions of these metals in pigmented tissues, and in 
pigment fractions of these tissues, have any 
function in developing or maintaining the natural 
coloration. 

SUMMARY 

1 . Rfitnils of modified standard micronrocedures 


fractionation process. 

The results given in Tables 4 and 5 show a 
difference between the states of zinc and of copper in 
the pigment fraction. The concentration of copper 
was slightly reduced by both trypsin digestion and 
acid hydrolysis. The concentration of zinc was 


for estimating copper and zinc are presented. The 
methods, as applied to eye tissue, are shown to be 
specific for these metals. 

2. Results are presented for copper and zinc 
concentrations in eye tissues of sheep, cattle, whales, 
and rabbits. It is shown that differences in the con- 


slightly increased by trypsin digestion and reduced 
almost to zero by acid hydrolysis. This indicates a 
probable difference between the binding of the two 
metals in the pigment fraction. 

The results of the emission spectroscopic analysis 
show that the accumulation of metals' is not limited 
to zinc and copper. These two metals together con- 


centrations of zinc and copper between the various 
tissues exceed the experimental error. 

3. Ranged in respect of zinc and copper con- 
centrations, the tissues fall in roughly the same 
order in each of the species examined. The highest 
concentrations, in general, are in the pigmented 
tissues. 


stitute only 0-083 % of the dry weight and 3-21 % of 
the ash of the pigment fraction. The iron, calcium, 
magnesium and barium, which were the only other 
elements identified, together must therefore ac- 
count for much more of the ash weight than do zinc 
and copper. Tlie great niunber and strength of the 
iron lines in the spectrum indicate that this is a 
major constituent of the ash. 

The demonstration of the presence of barium 
confirms the report of Eamage & Sheldon (1931) 
that this metal occius in irises and choroids of 
cattle, and in the pigment separated from these 
tissues by rubbing. They did not find the metal in 
any other cattle tissues, nor in the choroids of a 
niunber of other animals. AVaelsch (1932) found 
that melanin from the choroid gave an ash which 
was 1-9% by weight of the dry material; this ash 
contained a demonstrable concentration of iron. 

It thus appears that a number of metals are 
accumulated in the pigment fraction of mammalian 
eyes in unusually high concentration. This circum- 
stance may perhaps be connected witli a number of 
other observations. As mentioned in the first part 
of this paper, white rabbit hair contains much less 
ash material than black. Gortner (1911) showed 
that black pigment from rabbit hair, horse hair and 
Biochem. 1952, 51 


4. The zinc content of the iris or choroid of 
albino-rabbit eyes is lower than that of the same 
tissues of pigmented rabbits. There is no corre- 
sponding difference in zinc content for the lens or 
cornea. 

5. The zinc and copper of irises occurs mainly in 
pigment material found in the supernatant liquor 
from a trypsin digest of the tissue. The concentra- 
tions of zinc and copper are higher in the pigment 
material than the original tissue, and are not re- 
duced by dialysis. 

. 6. The zinc concentration in the insoluble pig- 
ment material is slightly increased by prolonged 
trypsin digestion, but reduced almost to zero by 
acid hydrolysis. The copper concentration is 
slightly reduced by trypsin digestion and little 
affected by acid hydrolysis. 

7. The ash of dialysed pigment fractions con- 
tarns calciuin, magnesium, barium and iron, in 
addition to zinc and copper. Iron appears to be the 
major constituent. 

We are indebted to Dr 
cnee gained in a parallel 
work has been assisted bj 
studentship (J.M.B.) fron 


R- Fore for the benefit of experi- 
investigation on manganese. The 
a grant to the Department and a 
1 the Medical Research Council. 
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Distribution of Copper and Zinc in the Eyes of Fresh -water 
Fishes and Frogs. Occurrence of Metals in Melanin 
Fractions from Eye Tissues 

By j, M. BO'WNESS and R. A. MORTON 
Department of Biochemistry, The University of Liverpool 

{Received 13 November 1951) 


The results of Leiner & Leiner (1944) showed zinc 
to be present in the choroid, and other pigmented 
tissues, of the eyes of fresh-water fishes from Lake 
Constance, in amounts as much as one hundred 
times those in similar tissues from mammalian eyes 
(figures for which are given by Bowness, Morton, 
Shakir & Stubbs, 1952). Very high concentrations of 
zinc in the pigmented eye tissues were reported by 
Leiner & Leiner for each of nine species of fish from 
Lake Constance; indeed, many were higher than 
any previously reported to occur normally in living 
matter (cf. Monier -Williams, 1949). The highest 
recorded concentration of zinc in animal products, 
prior to the work of Leiner & Leiner (1944), was for 
serpent venom, namely 0'56 % of the dry weight 
(Delezeime, 1919). Monier -Williams (1949) attri- 
butes even higher concentrations to tench and 
herrings (Bertrand & Vladesco, 1921). The original 
paper does not in fact record very high values, and 
the mistake arose presumably from an erroneous 
abstract {Analyst (1921), .46, 244). The range of zinc 
concentrations found by Leiner & Leiner in the dry 
choroids of fresh-water fishes was from 0-44 to 
2-96 %, and the average for all the species examined 
. was 1-18 %. 


It was possible that the accumulation of zinc 
might be a peculiarity arising only in Lake Con- 
stance, or alternatively, that very high concentra- 
tions of zinc in some eye tissues are common to 
fresh-water fishes everywhere. 

The present investigation had two main objects: 
(i) to ascertain whether the results obtained by 
Leiner & Leiner can be confirmed by studies on 
fishes from Lake Windermere, and (ii) to determine 
whether the association between zinc concentration 
and melanin pigmentation found in mammalian 
eyes (Bowness et al. 1952) can be demonstrated for 
fresh-water fishes. Leiner & Leiner (1944) fraction- 
ated a powdered dry homogenate of whole fish eyes 
by differential centrifugation in an attempt to 
discover the nature of the material to which most of 
the zinc was bound. They found that black and grey 
fractions contained most of the zinc, but, as these 
accoimted for the greater part of the original 
material, they did not achieve any significant m- 
crease in the concentration of zinc, and were unable 
to indicate the nature of the material to which the 
metal was bound. In the present work, the trypsin 
digestion technique (Bowness et al. 1952), by which 
a pigment fraction was separated from mammalian 
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.... f „ QT, TP<siilfced however, in increased uncertainty due to adhering 

irises, was found to be effective in separating an Itis therefore difficult to assess the extent 

analogous black material, rich m zmc, from hsh ana ^^.g^ainty arising from experimental procedure for the 


frog choroids. 

JilATERIALS AND METHODS 

Maimals. The heads of trout (Saimo frufto, Began) and 
whole perch {Perea jiuviatilis, C.) were obtained through the 


figures given in Tables 1 and 2; in general, it is mainly the 
third figure which is doubtful. 

Separation of pigment fractions. Initially, an attempt was 
made to separate a pigment fraction from irises, as was done 
for cattle. However, it was found impossible to remove all 
the adhering silver membrane. The crystals of guanine 


courtesy of the Freshwater Biological Association at Bake „ „„ojnBanied the pigment in the fractionation and could not 


AVindermere. The fish were despatched packed in cloth, 
surrounded by ice in fish tins; the eyes were removed from 
the heads and dissected at Hverpool within 2 days of the 
death of the animals. The first batch of perch obtained were 
young and small, the second batch varied from small to 
fully grown and aged fish. 

Edible frogs {Sana esculenta) were obtained alive from 
Holland through Nederlandsohe Heidemaatsohappij, 
Amhem. The animals were guillotined and the eyes dissected 
within, at most, a few hours; the retinas were utilized for 
other work in this Department. 

English frogs {R. iemporaria) were obtained alive from 
kir H. E. Ashton of Norwich. The animals were chloroformed, 

' and the eyes dissected, at most within a few hours. 

The size of both types of frog varied, but most of them 
were probably hatched during the previous season. 

Dissection of eyes. Certain differences between fish eyes 
and mammalian eyes should be noted here. In many fish, 
the inside of the sclera is covered by the silver membrane 
(argentea). This contains crystals of guanine which produce 
a silvery- white reflecting surface. In the posterior portion of 
the eye, between the s'dver membrane and the choroid, are 
pockets of blood, which, when the eyes come to be dissected, 
has clotted. These pockets are associated ^th the choroid 
body or ‘gland’. 

The technique of dissection used was similar to that 
described by Bowncss et al. for mammalian eyes. The retinas 
from fish or frog eyes could be detached without adhering 
pigment by pulling the optic nerve while exerting a gentle 
pressure on the eyeball. The retina could then be carefully 
drawn out of the eye, attached to the optic nerv'e. AVith fish 
eyes, after the separation of the choroid from the blood clot, 
small pieces of silver membrane were found still to adhere to 
the tissue; these could only be removed by teasing the cho- 
roid Vplth tweezers and a small scalpel. The irises of the fish 
were never completely separated from argentea. 

Analyses for copper and zinc. The eye tissues from the 
frog R. Iemporaria and from perch were very small; after 
washing them nith twice-distilled water, it was not found 
practicable to remove the excess water with filter paper. 
Most of the concentrations are therefore expressed only on 
a diy -weight basis, wet -weight concentrations having been 
obtained only for trout and some of the larger tissues of R. 
cscitlcnla. 

The analytical method has already been described 
(Bowncss ft at. 1952). The accuracy of the method as 
applied to fish-eyo tissues has not been assessed experi- 
mentally, but it should not be less than that obtained with 
inammalian material. The ratio of the amount of Zn to a 
given weight of organic material is much greater for fish 
eyes than for mammalian eyes; the error in estimating Zn 
concentration which is due to loss in the course of aslung the 
organic material is therefore much less important for fish 
ti-ssues. The generally smaUcr size of the fish eyes, and the 
consequent inen-ased greater difficulty of dissection. 


be removed without the use of hydrolysing agents (e.g. HCl), 
which are liable to split off the metals from the pigment 
material. . 

Attention was then transferred to the choroid. By 
careful dissection, this could be completely freed from 
guanine-containing material. It was found to be softer and 
less fibrous than the choroids of cattle and sheep, and there- 
fore might be expected to be more readily digested by 
trypsin. Choroid tissue from perch and frogs was, in fact, 
split up entirely in 3-7 days by digestion with a pancreatin 
and trypsin suspension, but the process was not successful 
for trout. At the end of the time required for the choroids to 
be disintegrated, the digest was filtered through glass wool 
to remove any undigested tissue, and the filtrate centri- 
fuged until no pigment remained in suspension. The super- 
natant was poured off, and the black residue stirred up with 
twice-distilled water and recentrifuged. This procedure was 
repeated four times. The final residue is the pigment- 
protein fraction. 

Bmissiou spectroscopic (echntgue. Emission spectra of the 
ash of the perch melanin-protein fraction were recorded by 
the use of a carbon arc and a high-dispersion Littrow spectro- 
graph (Hilger E. 1-301). Details of the technique used for 
identifying the elements present are given by Bowness ei al. 
(1952). 

• RESULTS 

The main findings are displayed in Tables I 'and 2. 
The recorded results have been calculatedidirectly 
from the experimental readings. . '• 

In order to test whether high concentrations of 
zinc, such as those in some of the eye tissu^, are 
of general occurrence in the body of the perch,- 
analyses were carried out on liver, muscle and sidn^ 
Proportion of the copper and zinc in the perch 
choroid hound to the insoluble pigment-protein 
fraction. The dry matter in 73-3 mg. of fresh perch 
choroid was foimd to weigh 8-6 mg. AVhen 30'9-2 mg. 
of fresh choroids, corresponding to 36-2 mg. dry 
weight, were digested with trypsin and a pigment- 
protein fraction isolated from the supernatant, the 
dry weight of this fraction was 14-9 mg. The weights 
of zinc and copper present in these amounts of 
choroid and pigment-protein material can he calcu- 
lated by using the appropriate concentrations of the 
metals given in Tables 1 and 2. The ratio of the 
weight of zinc or copper in 14-9 mg. pigment- 
protem to that in 36-2 mg. choroid shows the nro- 
portion of the total weight of these metals in the 
choroid which IS in non-ionic combination with the 
pigment-protein material. For zinc, this proportion 

34-2 
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Table 1. The concentrations of copper in the eye tissues of trout, perch and frogs 


(The ordinary figures show the concentrations in /xg./g. dry tissue; the figures in brackets underneath (when given) 
show the concentration in ng./g. wet tissues corresponding to the figures immediately above. A dash means that the tissue 
was absent, or not available for analysis.) 


Tissue 

Trout 

(fresh-water) 

Perch 

Frog 

A — 

R. temporaria 

R. esculenta 

Lens 

5-62 

0-85 

29-8 

27-4 

Cornea 

(2-42) 

18-4 

21-0 

104 

(13-6) 

Sclera 

(3-5) 

8-65 

27-3 

120 

199 

Retina 

(2-05) 

35-8 

18-1 

117 

(8-87) 

Argentea 

(4-85) 

199-0 

17-1 



Iris plus ciliary body 

105-0 

18-8 

— 



Choroid 

(26-5) 

87-8 

30-5 

133 


Pigment-protein fraction of choroids 

(180) 

49-3 

_ 

985 


Table 2. The concentrations of zinc in the eye tissues of trout, perch and frogs] 

(The ordinary figmres show the concentrations expressed as pg./g. dry tissue; the figures in brackets imdemeath, when 
given, show the concentrations in pg./g. wet tissue corresponding to the figures immediately above.) 



Trout 

(fresh-water) 




Tissue 

Perch 

t 

R. temporaria 

R. esculenta 

Lens 

15-7 

15-6 

78-5 

16-3 


(6-75) 



(8-1) 

Cornea 

81-3 

(11-5) 

189 

278 

— 

Solera 

457 

343 

326 

266 


(95-6) 



(132) 

Retina 

580 

(74-2) 

728 

500 



Argentea 

7020 

2010 

— 

— 

Iris plus ciliary body 

5990 

(1560) 

6380 

— 

— 

Choroid 

15100 

(31001 

23800 

14400 

— 

Pigment-protein fraction of choroids 

— 

43800 

— 

28100 


438W 1A9 o_y 4..7% Table 2); for 

23800 36-2 

49*3 14'9 

The pigment-protein material, to which these 
fractions of the total copper or zinc are bound, con- 
stitutes 41-6 % of the dry weight, or 4-82 % of the 
wet weight of the choroid. 

Table 3. Concentrations of zinc in perch skin, 
muscle and liver 

Zinc concentration 
Tissue (/ig-/g- dry tissue) 

Skin (white) 31-0 

Muscle SI -7 

Liver 59-6 


Absorption spectra of pigments. Light passing 
through a suspension of particles in water is partly 
scattered and partly absorbed by the particles. The 
scattering of light by a particle depends on its size. 
The absorption curve of a suspension will, therefore, 
be governed by two factors, the light absorption of 
the substance suspended (itself dependent on the 
structure of the compoimd) , and the size and number 
of particles suspended. 

The absorption curves of suspensions in water of 
melanin-protein fractions from perch and frogs are 
given in Fig. 1. 

Hydrolysis of pigment-protein fraction. Prolonged 
trypsin digestion of melanin -protein fractions from 
perch and frogs was found gradually to lower then 
zinc and copper contents. The zinc content on dry 
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weight of the perch material was reduced from 
4-38 to 4-1 % hy 3 days’ incubation with trypsin 
suspension. It is possible, therefore, that the 
original figure of 4-38 % is too low by virtue of the 
incubation with trypsin during the separation ^ 
procedure. 



lig. 1. Absorption spectra of melanin fractions from fish 

and frog eyes. , perch pigment; , frog (B. 

cscuknla) pigment. 

Acid hydrolysis of the pigment was found to have 
an effect analogous to that obtained with cattle 
pigment. Part of the dry melanin-protein fraction 
(8-3 mg.) from perch was treated with 10 ml. 0- 1 n- 
H 5SO4 for 1 hr. at 100°. The resulting mixture was 
centrifuged, the residue being washed with twice- 
distilled water and recentrifuged twice. The final 
residue was dried, weighed, ashed and analysed for 
zinc. 
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choroid will include much dialysahle material, so 
that there is evidently a higher concentration of 
bound metals in the pigment-protein fraction than 
in the original choroid. 

Emission spectroscopic analysis of the ash from 
perch material showed that the main metallic con- 
stituents of the pigment-protein fraction are zinc, 
calcium, and iron. Minor constituents were alu- 
minium, copper, magnesium and strontium. No 
trace was found of barium, which was identified in 
the ash of cattle pigment-protein fraction. 

DISCUSSION 

It is evident from Table 4 that the high concentra- 
tions of zinc obtained by Leiner & Leiner. (1944) are 
not due to Lake Constance as a special habitat. 

In all seven of the other species of fish from Lake 
Constance examined by Leiner & Leiner, the mis, 
choroid, and silver membrane had the highest zinc 
contents of any of the eye tissues. Of these three, 
the choroid usually had the highest concentration, 
but in the Burbot the iris was higher in zinc; in no 
case was the silver membrane highest. 

In comparing the results for fish from Lake 
Constance and Lake Windermere there are several 
points to note. Leiner & Leiner give the name of 
their trout as ‘ Sea-trout ’ (Trutta lacustris L.) . There 
is some dispute as to whether the trout all belong to 
the same genus, but in the present work the view of 
Regan (1911), who classified all the English trout as 
Salmo truita, is followed. There must remain some 
doubt, however, as to whether both sets offish are of 
the same species. Secondly, in considering the 
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Table 4. A comparison of the, results of Leiner <b Leiner (1944) for perch and trout eye tissues 

with those obtained in the present work 


Tissue 

Lens 

Retina 

Iris plus ciliary body 
Silver membrane 
Choroid body 
Choroid 


Trout 

{/ig. Zn/g. dry tissue) 

A 


Leiner & Leiner 

100 

540-990 

G9GO-8700 

G360 

980-1490 

9200-11350 


Present work 

16-7 

580 

5990 

7020 

15100 


Perch 

{fig. Zn/g. dry tissue) 

- - X 

Leiner & Xieiner Present work 


20 

1090-1780 

6200-7710 

8200 

510-1730 

24000-29600 


15-6 

728 

6380 

2010 

23800 


The dry weight of the residue was 4- 1 mg. and the 
zinc content 2-4 pg. The estimated zinc content of 
the original melanin -protein fraction would be 
365-2 /ig. 

.•\cid hydrolysis has thus removed nearly all the 
zinc and half the dry weight of the original material. 

content of the mclanm-proiein fraction. The 
ninouiit of dry material remaining as ash after in- 
eineration was found to bo just over 10% for the 
whole choroid, and just. under 10 for the pigment- 
protein fractiott from perch. The ash from the 


silver membrane, it should be noted that the tissue 
18 very small and it is not possible to separate it 
entirely from pigmented material. The amount of 
pigment remaining in attachment is partly a matter 
ot chance, and there is therefore much latitude for 
variation in the results. Thirdly, the choroid body 
was not analysed in the present work because it 
appeared to be mainly composed of blood; it was 
completely dissected away from the choroid and 
SI ver membrane and thus does not enter into any of 
the present results. ^ 
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The zinc concentrations in the eye tissues of the 
frog fairly closely parallel those of the fresh-water 
fish. Leiner & Leiner (1942) studied the concen- 
trations of zinc in the eye tissues of many salt-water 
Teleosts. The general range of zinc concentrations 
was lower than that in fresh-water fish and frogs, 
but higher than that in mammals ; for example, the 
range of zinc concentrations for the dry choroids of 
all the species of salt-water fiish studied was 530- 
9800/Ltg./g. (Leiner & Leiner, 1944). In all the fish 
examined, whatever the absolute amoimts of zinc 
present, the same tissues contain the highest con- 
centrations of zinc. Zinc concentrations in the eye 
tissues decrease in the following order: choroid or 
iris, retina, sclera, cornea, lens. The argentea con- 
centrations are rather variable. Excluding this 
last-named tissue, which does not occiu' in mammals, 
and excluding the mammalian lens, the same order is 
true for results obtained on cattle, sheep, whale and 
rabbit eyes (Bowness e,t al. 1952). The range, from 
highest to lowest zinc concentration, is very much 
smaller in mammals than in fish. The concentration 
in the lens of mammalian eyes is generally slightly 
higher than that of fish eyes, yet the concentration 
in the choroid may be only 1/lOOth that of the same 
fish tissue. 

Table 3 shows that, despite the high concentra- 
tions of zinc in the eye tissues, other parts of the 
perch have much the same concentrations as those 
given by Lutz (1926) for various mammalian 
species. 

The resrdts for copper concentrations in various 
eye tissues do not follow any clear-cut general 
pattern. The variation in the order of eye tissues, 
arranged according to copper concentrations, is 
much greater than is the case for zinc. The physico- 
chemical and biochemical agencies which accumu- 
late zinc appear, in all the vertebrate eyes ex- 
amined, to be active in one tissue more than another, 
and most active in the same tissues in all species. 
The same cannot be true for copper. In general, 
pigmented tissues and pigment-protein fractions 
from all the vertebrate eyes examined by us contain 
relatively high copper concentrations. In some 
species, other tissues may have concentrations as 
high, or higher. In trout, the silver membrane has 
a higher copper content than either choroid or iris. 
In connexion with this, it was observed that the 
debris from an attempted digestion of mixed 
choroids and sUver membranes of trout, which con- 
sisted largely of guanine, had a high copper content 
(672 gg./g. dry tissue). Frog-eye tissues seem to 
have a relatively high copper content, the pigment- 
protein fraction of R. esculenta being especially high 
in copper. 

The very high concentrations of zinc in the pig- 
ment-protein fractions of perch and frogs, and the 
observation that at least 74% of all the zinc in 
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perch choroids is boimd in non-ionic form to this 
fraction, show that the high zinc contents- of the 
pigmented eye tissues can largely be accounted for 
by an association with melanin pigmentation. 

As compared with up to 2-6 % found in material 
from cattle, the ash content of dry perch pigment- 
protein fraction was about 10 %, of which calcium 
and iron were shown to be fairly abimdant con- 
stituents. Zinc, however, constituted nearly half of 
this ash, as compared with only 3-21 % of the cattle 
material. Iron appeared to be the major metallic 
constituent of the cattle pigment-protein ash, and 
barium, which was not found in the perch material, 
was present as a minor constituent. It seems, there- 
fore, that the absolute amormt of the metallic 
elements associated with the pigment-protein 
material, and the relative proportions of each, vary 
from one vertebrate species to another. 

The absorption curves of pigment-protein frac- 
tions from perch and frog eyes differ from those ob- 
tained from cattle (Bowness et al. 1952) and from 
those of other melanins (Edwards & Duntley, 1939; 
Serra, 1945; Zwicky & Almasy, 1935). The ratio 
of the light absorption in the ultraviolet region 
to that at higher wavelengths is much lower 
for the fish material than for the others. This 
may be caused partly by the different size of 
the particles in suspension, but such a large 
difference probably also indicates a difference in 
chemical structure. 

Though it appears established that there is a 
connexion between melanin pigmentation and the 
presence of high concentrations of zinc (and possibly 
other metals) in the pigmented eye tissues, and 
perhaps in other pigmented tissues (cf. Bowness 
et al. 1952), the function of such metallic accumula- 
tions remains an open question. Leiner & Lemer 
(1941) showed that the zinc contents of the tissues 
of fish and mammals could not be accoimted for 
solely by the amount of metal bound to carbonic 
anhydrase. They showed that zinc could lessen the 
inhibition of carbonic anhydrase by various tissue 
constituents. There seems no reason, however, why 
such a function should require a great accumulation 
of zinc in the pigmented eye tissues of fish, and 
especially in fresh-water fishes. 

As stated previously (Bowness et al. 1952), the 
accumulation of copper in pigment fractions 
cannot be explained by the presence of free tyro- 
sinase. The only other organic copper compoun^ 
known to occur in vertebrates are haemocuprein 
and hepatocuprein (Keilin & Mann, 1938), but these 
also are relatively water-soluble and could not 
account for the copper in the pigment fraction unless 
they were combined in some insoluble form. 

Possible functions of the metals associated wit 
the melanin-protein fractions of pigmented tissues 
will be discussed in a further paper. 
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COPPER AND ZINC IN PISH AND EROG EYES 
SUHOIABY 


1 . Results for the copper and zinc contents of eye 
tissues of perch, trout, and frogs are presented. The 
results of Leiner & Leiner (1944) for zinc in perch 
and trout are confirmed. 

2. Most of the zinc, and half the copper, of the 
perch choroids is bound in non-ionic form to the 
pigment-protein fraction of the tissue. 

3. The absorption spectra of pigment-protein 
suspensions from perch and frog eyes differ from 
those of cattle eyes. 


4. On incmeration, the perch pigment-fraction 
was found to leave about 10 % of the dry weight as 
ash. Calcium, iron and strontium were constituents 
of this ash, but almost half is zinc (calculated as 
metal). 

5. The association between zinc and melanm 
pigmentation is discussed. 

We are indebted to Dr H. Fore for the benefit of experience 
gained in a parallel investigation on manganese. The work 
has been assisted by a grant to the Department and a student- 
ship (J.M.B.) from the Medical Research Council. 
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Eifects of High-voltage Cathode Rays on Aqueous Solutions 
of Tryptophan, Tyrosine, Phenylalanine and Cystine 


By B. E. PROCTOR Am) D. S. BHATIA* 

Department of Food Technology, Massachusetts Institute of Technology, 
Cambridge, Mass., V.S.A. 


{Received 3 December 1951) 


Tho offocts of irradiation by high-voltage cathode 
rays on amino -acids in fish muscle and on aqueous 
solutions of histidine monohydrochloride have 
already boon reported (Proctor & Bhatia, 1950; 
Bhatia & Proctor, 1951). The irradiation caused no 
significant destruction of any one of ten amino- 
acids in fish. It was shown, however, that histidine 
in aqueous solution is decomposed by irradiation 
with cathode rays through deamination and fission 
of tho glj-oxalino ring. 

Stonstrom & Lohmnnn (1928) concluded from 
their experiments on X-ray irradiation of aqueous 
solut ions of tyrosine, that the phenolic structure of 
this amino-acid is changed by the irradiation. Tlioy 
also irradiated solutions of cystine and noticed no 
moasvjrablo change when tho colorimetric method of 
I'oliu A I^oonoy (1022) was used to determine 
cy.stine. Stonstrom A Lohmann (1931) also ro- 

• I'rc-scul address; Central Food Technolog\- Research 
Inctituto, My.sorc, India, 


ported that ammonia was given off from tyrosine 
and that tryptophan was destroyed upon irradiation 
with roentgen radiations. Buckhman & Manoilov 
(1949) foimd that cysteine evolves hydrogen sul- 
phide on irradiation with ultraviolet rays. Dale & 
Davies (1951) studied the liberation of hydrogen 
sulphide by X-radiation from aqueous solutions of 
cysteine and glutathione. 

The present study was undertaken to ascertain 
the effects of various doses of cathode rays on 
aqueous solutions of DL-tryptophan, DL-phenyl- 
alanine, n-tyrosine and n-cystine in various con- 
centrations. 




Stock solutions of the amino-acids were prepared in con- 
centratiOM of lOmg./ml. A weighed quantity of the 
fwM°-Rn ^ minimum quantity of 20% 

SniJ V ^ with 
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Table 1. Effect of high-voltage cathode rays on aqueous solutions of amino-acids 


Amino-acid 
and dose of 
cathode rays 


Percentage retention of amino-acid in solutions. 
Amino-acid concn. (pg./ml.) 

K 

1 




(r.e.p.) 

100 

250 

500 

1000 

L-Cystine 

Control 

100-0 

100-0 

100-0 

100-0 

100000 

45-8 

72-2 

92-0 

97-7 

250000 

38-2 

66-6 

79-9 

95-0 

500000 

22-7 

53-7 

70-0 

90-2 

1000000 

0-0 

35-7 

61-3 

82-0 

DL-Phenylalanine 

Control 

100-0 

100-0 

100-0 

100-0 

100000 

66-5 

76-8 

88-1 

91-6 

260000 

23-6 

57-4 

75-6 

86-4 

500000 

3-1 

331 

57-9 

79-6 

1000000 

0-0 

9-6 

35-3 

70-8 

L-Tyrosine 

Control 

100-0 

100-0 

100-0 

100-0 

100000 

50-1 

77-6 

79-3 

88-4 

200000 

42-3 

69-3 

74-1 

88-3 

400000 

27-9 

65-5 

71-4 

83-9 

800000 

6-9 

34-1 

Amino-acid concn. 

A 

59-4 

(pg./ml.) 

76-6 

DL-Tryptophan 

50 

100 

250 

500 

Control 

100-0 

100-0 

100-0 

100-0 

100000 

46-4 

81-0 

92-2 

94-8 

250000 

43-0 

68-6 

91-2 

97-0 

500000 

30-0 

58-8 

77-6 

90-0 

1000000 

10-0 

36-6 

62-2 

79-4 


Table 2. Ionic yields of the decomposition, by high-voltage cathode rays, of amino-acids in aqueous solutions 


Ionic yields* in solutions. 


Amino-acid 
and dose 


Amino-acid 

concn. 

(pg./ml.) 


/ 





(r.e.p.) 

100 

250 


500 

1000 

L-Cystine 

100000 

0-85 

1-08 


0-62 

0-36 

250000 

0-39 

0-52 


0-62 

0-31 

500000 

0-24 

0-36 


0-47 

0-31 

1000000 

— 

0-25 


0-30 

0-28 

DL-Phenylalanine 

100000 

0-99 

1-32 


1-35 

1-90 

250000 

0-69 

0-97 


1-10 

1-24 

500000 

0-44 

0-76 


0-96 

0-93 

1000000 

— 

0-51 


0-74 

0-66 

L-Tyrosine 

100000 

1-03 

1-16 


2-77 

2-40 

200000 

0-60 

0-80 


1-35 

1-20 

400000 

0-38 

0-56 


0-74 

0-84 

800000 

0-24 

0-43 

Amino-acid 

concn. 

0-53 

(pg./ml.) 

0-60 

DL-Tryptophan 

50 

100 


260 

500 

100000 

0-49 

0-35 


0-36 

0-48 

250000 

0-21 

0-23 


0-14 

0-11 

500000 

0-13 

0-16 


0-21 

0-19 

1000000 

0-08 

0-12 


0-17 

0-19 


* Ionic yield = molecules of amino-acid destroyed per ion pair; 1 r.e.p. =1-6 x 10'“ ion pairs/g. 
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phenylalanine at three concentrations. The pH 
values of all solutions before irradiation are given 
in Table 4. 
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A pressure-insulated Van de Graaff electrostatic generator 
(Trump & Van de Graaff, 1948) operating at 3000000V. was 
used for the cathode-ray irradiation, the technique for 
irradiation being the same as that previously described 
(Bhatia & Proctor, 1951). Each amino-acid was irradiated 
in four concentrations at four dose levels. 

Slicrobiological determinations of the amino-acids were 
made with Leuconostoc mesenteroides P-60 as the test organ- 
ism. Eor the estimation of cystine, tryptophan, and phenyl- 
alanine, the basal medium of Dunn, Shankman, Camien, 
Frankl & Rockland (1944) was used, and for tyrosine, the 
basal medium developed by Steele, Sauberlioh, Reynolds & 
Baumann (1949). 

RESULTS 

No colour change was observed in the irradiated 
solutions of cystine. A dull-yellow pigmentation 
was produced in the irradiated solutions of trypto- 
phan, phenylalanine and tyrosine. The intensity of 
the colour increased progressively with dose at a 
given concentration and also with concentration at 
a given dose of irradiation. When the irradiated 
solutions were allowed to stand overnight in the 
refrigerator, the intensity of the colour did not 
change except with tryptophan, where the pigmen- 
tation became more intense on standing. 

The characteristic odour of hydrogen sulphide 
was noticed in all the irradiated solutions of cystine. 
The presence of hydrogen sulphide was confirmed 
by the lead acetate test. The intensity of the dark 
spot on the lead acetate paper, inserted into the 
bottle of irradiated solution, increased progressively 
with cathodo.ray dose at a given concentration. 
No attempt was made to determine the evolution of 
hydrogen sulphide quantitatively. 


/ 


Table 3. Decomposition of D'L-phcnylalanine 
by high-voltage cathode rays 

(G vnluo=number of molecules reacting/lOO eV. 
(electron volts) of energy.) 

Specific- 

Innctivation inactivation 
dose, D dose LjC 

(r.e.p.) 

1-64x10’ 

4-27 X 10’ 

8-89 X 10’ 


Concentration 
of solution, C 
(g./ml.) 
1-0x10-* 


o. 


5-0 X 10- 


xlO- 


(r.e.p./g./ml.) 

1-64 X 10’ 
1-70 X 10’ 
1-78 X 10’ 


Average 
O value 


4-26 

4-09 

3-93 


100 

250 

500 

1000 

pH of 

amino-acids in solutions 

2-90 

2-69 

2-39 

2-14 

2-84 

2-60 

2-25 

2-00 

2-61 

2-31 

2-05 

1-80 

2-78 

2-44 

2-21 

— 

of 50 pg./ml. the pH was 

2-94. 


Tlio percentage retention of the amino-acids in 
the aqueous solutions after irradiation is show-n in 
Table 1, The cathode-ray doses are expressed in 
tonns of roontgon-oquivalent-physical (r.e.p.), as 
described by Evans (1947) 1 r.e.p. = 83 ergs/g. 

The ionic yields of the decomposition of amino- 
neids by cathode rays (calculated from the data in 
Table 1) arc shown in Table 2. 

From the data in Table 1, calculations have been 
made of the inactivation dose, the specific-inactiva- 
tion dose, and llio O values {G value = number of 
molecules re.acting/100 oV. of energj-) (Table 3) for 


Table 4. pH of solutions of amino-acids 
prior to irradiation 

Amino-acid conen. (/ig./ml.) 


Amino-acid 

L-Cystine 

DL-Phenylalanine 

1 ,-Tyrosine 

DL-Tryptophan* 


DISCUSSION 

All the amino-acids were decomposed upon irradia- 
tion, and the decomposition was related expo- 
nentially to the dose. The difference in the amino- 
acid content of the solution before and after irradia- 
tion is considered as the amount decomposed. The 
dilute solutions were relatively more affected by 
a given dose than were the more concentrated 
solutions. 

The ionic yields of the decomposition of r- 
cystine over a range of concentrations of from 100 to 
1000 pg./ml. were (with a single exception) less than 
1-00. The ionic yields of the decomposition of dl- 
tryptophan over a range of concentrations of from 
50 to 500 pg./ml. were less than 1-00 in aU instances. 
For tyrosine, ionic yields greater than 1-00 were ob- 
tained at all concentrations when the irradiation 
dose was 100 000 r.e.p., and at concentrations of 500 
and lOOOpg./ml. when the dose was 200 000 r.e.p. 
The ionic yields in the more dilute solutions were 
less than 1-00. The ionic yields of the decomposition 
of phenylalanine were less than 1-00 except in a few 
solutions containing 250, 500, and 1000 pg. of the 
amino-acid/ml. 

It will be noted that the ionic yields, as measured 
microbiologically by inactivation of cystine, is of the 
order 0-26-0-36 for a solution with a concentration 
of lOOOpg./ml. This agrees with the value of 0-2 
found by Dale & Davies (1951) for a cysteine 
solution of the same concentration (based on 
hydrogen sulphide production). The reason that 
Dale & Davies found no liberation of hydrogen 
sulphide from cystine may be because the irradia- 
tion doses they used were much lower than those 
used in the present investigation. 

The inactivation dose for phenylalanine was 
found to be dependent on its concentration in 
solution oyer a range of concentrations of from 100 
to oOOpg./ral., but the specific inactivation doses 
were constant Under the experimental conditions 
studied, the G values were of the order of four 
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molecules reacting/100 eV., which agrees with the 
values given by Allen (1947) for organic liquids. 

These observations are all indicative of an in- 
direct action of high-voltage cathode rays on these 
amino-acids. For ionic yields higher than 1-00, the 
same explanation as given previously for histidine 
(Bhatia & Proctor, 1951) would probably be valid, 
namely, that molecular fragments of the amino- 
acids resulting from cathode-ray treatment com- 
peted for the free radicals. 

Evolution of hydrogen sulphide from cystine 
indicates that the molecule of cystine is probably 
decomposed at the disulphide linliage. 

SUMMARY 

1. Aqueous solutions of L-cystine, nn-phenyl- 
alanine, n-tyrosine, and nn-tryptophan in various 
concentrations were irradiated with high-voltage 
cathode rays at doses ranging from 10® to 10® r.e.p. 
Determinations of the amino -acid contents of the 
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solutions were made microbiologically after irradi- 
ation. 

2. All four amino-acids were decomposed upon 
irradiation, and the decomposition was related 
exponentially to the dose. 

3. Ionic yields were determined for the four 
amino-acids over a wide range of concentrations. 

4. Data are presented to show that the action of 
high-voltage cathode rays on these amino-acids 
took place through free radicals being inter- 
mediates. 

5. Evolution of hydrogen sulphide from the 
cystine solution indicated that cystine was prob- 
ably decomposed at the disulphide linkage upon 
irradiation with high-voltage cathode rays. 

The authors gratefully acknowledge the co-operation of 
Prof. J. G. Trump and Mr K. A. Wright of the Department of 
Electrical Engineering, Massachusetts Institute of Tech- 
nology, who placed the electrostatic generator at their 
disposal. 
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Some Chemical Properties of Helvolic Acid 

By T. I. WILLIAMS* 

Sir William Dunn School of Pathology, University of Oxford 


(Received 15 

Brnton & Abraham (1952) reported that cephalo- 
sporin Pi, an antibiotic produced by a species of 
Gephalosporium, resembled helvolic acid (Chain, 
Florey, Jennings & Williams, 1943). Further work 
by Bmrton, Cardwell & Abraham (1951) has con- 
firmed this resemblance and has allowed a simple 
interpretation of the results of a chemical investiga- 
tion into helvolic acid, completed by the author in 
1945 and described in this paper. 

The isolation of helvolic acid from culture filtrates 
of Aspergillus fumigatus mut. helvola YuiU has been 

* Present address: ‘Endeavour’, 26 Dover Street, 
London, W. 1. 


October 1951) 

described by Chain et al. (1943). Helvolic acid was 
shown to be a colourless crystalline compound, 
melting point 212°. It is readily soluble in most 
organic solvents, except light petroleum, but is 
insoluble in water; its sodirnn salt is readily soluble 
in water. Helvolic acid was assigned the formula 
C 32 H 44 O 8 . It titrated as a monobasic acid and a 
monomethyl ester was prepared by the action 0 
diazomethane. 

These preliminary observations on the chemica 
properties of helvolic acid were confirmed and ex- 
tended in the investigation now described, whic 
was directed primarily to the discovery of the role 0 
the oxygen atoms in the molecule. 
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The helvolic acid required in the present investi- ester gave results in confomnty with a fomula 
wa. produced by the method previouely “ 

Lcribed (Chain ..oh 1943). From* total of 52001. X-ray crj«tano^pIuc 
of crude culture filtrate, worked up m twenty -seven 


batches, 5-5 g. of pure helvolic acid were obtained. 
Attempts to increase this yield by varying the 
culture medium and the conditions of growth were 
unsuccessful. 

An investigation of the rate of development of 
anti-bacterial activity, assayed by the ordinary 
plate-and-cylinder method used for penicillin, 
showed that when the mould was grown as a smface 
culture at 26°, in a synthetic medium of glucose and 
mineral salts, a peak activity was reached after 
about 8 days’ growth. Thereafter, the activity fell 
considerably to a minimum at 16-18 days. This was 
followed by a second increase to a fairly constant 
value at 21 days, at which time the crop was 
harvested for the isolation of helvolic acid; it was 
found that the antibacterial activity of cultures of 
6-8 days’ growth was due, not to helvohc acid, but 
to gliotoxin. An account of this work has been 
published elsewhere (Glister & WiUiams, 1944). 

Waksman, Homing & Spencer (1943) described 
an antibiotic, which they named fmnigacin, pro- 
duced by A.fumigatus Fres. Menzel, Wintersteiner 
& Hoogerheide (1944) showed that fumigacin was a 
mixture of gliotoxin and helvolic acid ; their accoxmt 
of helvolic acid, as far as it goes, agrees in almost all 
essentials with the findings of the present author. 

A point of discrepancy, however, is the value of 
the specific rotation. Chain et al. (1943) gave the 
value [a]^* — 49-4° in chloroform; Menzel et al. gave 
[«]“’ — 132° ± 2°. Two separate, highly purified, 
samples have now been found to give [a] ^^'’ — 113° 
(c, 3'1) and —117° (c, 2-6) respectively. The 
difference still existing may be due to contamination 
with gliotoxin of the material used by these 
workers; gliotoxin is strongly laevorotatory 
(W ~ 264°). The possibility of contamination was 
raised by Menzel cl al, and not entirely disproved. 
Tlioir product reduced Fohling’s solution slowly at 
100°. Our purified samples have no action on 
r ohling s solution oven on heating for 1 hr. at this 
lempornturo. Gliotoxin, however, readily reduces 
Fehling’s solution. 

RESULTS 

Ao/urc of oxygen atoms. All the analytical 
and degrndativo evidence supports the formula 
^jsHn-jiOg . For helvolic acid, lilonzel et al. proposed 
a formula CjaHjj-jjO, ; several objections to this will 
bo diseus.^od later. 

Ihe absence of onolic or phenolic properties in 
helvolic acid show that the acidic properties are duo 
to a carboxyl group. This is confinned by the pre- 
paration of a monomothyl ester (in.p. 262°) bv tlie 
act ion of (liazomethane on the acid. .\nah-sLs of the 


1943) to be 656 ± 14 (CjaHjeOg requires 570). 

A monosemicarbazone and a dioxime of helvohc 
acid, and a monosemicarbazone of its methyl ester, 
have been prepared. The absence of reducing pro- 
perties and the positive Zimmermaim reaction indi- 
cate that at least one of the carbonyl groups is 
ketonic. Menzel et al., using a different preparative 
method, obtained a monoxime. 

An acetoxyl determination by the standard (acid 
hydrolysis) method of Elek & Harte (1936) gave 
values of 8-3 and 7-8 % acetoxyl for the free acid 
and 7-9 % for the methyl ester. Menzel et al. record 
similar results for this method. The calculated 
values, assuming the formula C32H44O8 for the acid, 
are 7-74 and 7'54% respectively for one acetoxyl 
group . The volatile acid was identified as acetic acid. 
Drs Weiler and Strauss (Dyson Perrins Laboratory, 
Oxford) carried out an acetoxyl determination on 
helvolic acid by hydrolysing it for 15 min. at 100° 
with 0-lN-ethanohc sodium hydroxide. After 
acidification, the volatile acids were removed by 
steam distillation and collected in excess of standard 
alkali. They obtained values of 16-3 and' 15-6% 
acetoxyl, i.e. roughly twice those given by the 
method of Elek & Harte. These results suggest that, 
while helvolic acid contains two acetoxyl groups, 
one is much more readily split off than the other. 
Since helvolic acid is virtually insoluble in acid 
solution, the conditions of the Elek & Harte 
method of estimation do not favom the removal of 
an \mreactiv6 acetoxyl group. 

If helvolic acid is hydrolysed in O-lir-alkali for 
36-48 hr. at 37°, approximately one equivalent of 
alkali is taken up, in addition to that required to ' 
neutralize the carboxyl group,showing theliberation 
of a second acidic grouping. This probably corre- 
sponds to hydrolysis of the more reactive of the two 
acetoxyl groups. A crystalline sodium salt of the 
new acid is precipitated during hydrolysis. The 
corresponding acid has been obtained in a crystalline 
equivalent weight by direct titration was 


form. 


590 ; on again treating with excess alkali at 37°, its 
^uivalent was very nearly half this, namely 298. 
I^her hydrolysis with alkah gave, after acidifica- 
tion, a substance which no longer dissolved readily 
m alkali and which analysed for C-oH^sOk. This 
suggests that hydrolysis of the second acetoxyl 
poup gives an hydroxyl so situated that it readUv 

SS).™* 

adduced above, aU the eieht 
-■3 gen atoiM known to be present in the helvflic 
L satisfactorily accounted fl. 


occur m 
and 


crouDS and til group, two in carbonyl 

groups, and the remammg four are distributed 
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between, two acetoxyl groups, one of which is much 
more resistant than the other to acid hydrolysis. 
The hydroxyl group liberated on hydrolysis of this 
second acetoxyl group is so situated that it readily 
lactonizes with the carboxyl group. 

Reaction with bromine. Helvolic acid behaves as 
an unsaturated substance, decolorizing bromine 
water and permanganate in the cold and reacting 
readily with ozone. When the acid is treated in the 
cold with excess bromine in glacial acetic acid, four 
atoms of bromine react per molecule of acid, but the 
low bromine content of the product indicates that 
the main reaction here is oxidative. 

Oxidation with hydrogen peroxide. Helvolic acid 
is readily and smoothly oxidized by hydrogen 
peroxide (perhydrol) or by periodic acid, to the same 
neutral compound, m.p. 229-230°, the properties of 
which are consistent with a formula C32H4gOn . 

One possible explanation is that this compound 
resxilts from the formation of a diglycol at the site of 
two double bonds, followed by loss of water to form 
a lactone ring. 

-HjO 

f'32Hi2_4408 >■ C32H45-480 j 2 »■ C32H44_4gOjj . 

On prolonged hydrolysis at 37° with OTN-alkali, 
the compound slowly dissolves; its equivalent 
weight under these conditions is 160. The molecular 
weight corresponding to C32H480ii is 606 and thus 
four equivalents of alkali are apparently involved 
in the alkaline hydrolysis of the perhydrol oxidation 
product; this has been characterized as a dioxime 
(additional evidence for the presence of two car- 
bonyl groups in helvolic acid itself) and as the 
benzoyl and 3:5-dinitrobenzoyl esters. With ketene, 
a monoacetyl derivative was obtained. In view of 
the evidence that helvolic acid itself contains two 
acetoxyl groups, it seems that the two remaining 
hydroxyl groups believed to be present in the 
perhydrol product are, therefore, rather inert. 

Further oxidation with lead tetraacetate. Recogni- 
tion of the presence of two double bonds led to 
attempts to split up the molecule by attacking it at 
these points. With cold alkaline permanganate an 
immediate reaction takes place, involving ten 
atoms of oxygen per molecule; there is a further 
slow reaction in which more than twenty oxygen 
atoms per molecule are involved. Oxidation with 
chromimn trioxide appears to follow a similar 
course. It was not possible, however, to character- 
ize any degradation products. With lead tetra- 
acetate, a neutral crystalline derivative was ob- 
tained; melting point above 200° (decomp.). 
Analysis indicated a formula C32H44O11 ; the mole- 
cular weight by X-ray crystallography (Crowfoot & 
Rogers, 1944) is 695 ± 15 (C32H44O11 requires 604). 

Helvolic acid and its methyl ester react readily 
with ozone. The acid itself appears to yield two 
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acidic fractions; the methyl ester yields a neutral 
product. The products could not, however, be 
characterized. 

Helvolic acid is rapidly oxidized by selenium 
dioxide in ethanol at 100°, but again it was not 
possible to isolate any degradation product. 

The possibility of dehydrogenation with selenium 
was explored, but preliminary experiments, and the 
experience of other workers with different sub- 
stances, indicate that this method is not likely to be 
fruitful tmless the oxygen content of the molecule 
can first be reduced. 

Reduction. Helvolic acid is very resistant to 
reduction; after attempted reduction with phos- 
phorus and iodine (6 hr. at 100°) unchanged acid 
was recovered in good yield. 

DISCUSSION 

So far as common ground is covered, the results 
described here are, in almost all respects, in agree- 
ment with those of Menzel etal.(l 944) . On questions 
of fact they differ significantly only in the finding 
that helvolic acid has no reducing properties. The 
evidence is entirely consistent with a formula 
C32H42_44 08 for holvolic acid. Menzel et al. are in- 
clined to favour a formula C29H38_4oO, , but there are 
several objections to this. In particular, it corre- 
sponds to a molecular and equivalent weight (498 or 
500) well outside the limits (562+ 12) set by the 
X-ray crystallographers (Crowfoot & Low, 1943). 
The American workers themselves record equivalent 
weights of 514, 560 and 591 ; their molecular weights 
were determined by the Rast method, which is very 
much less reliable than X-ray crystallography. 
A further obj ection to the C29 formula is that we have 
found good evidence for the existence of eight 
oxygen atoms in the molecule. The analytical 
results obtained by Menzel et al. agree almost 
equally well with either formula, but for the silver 
salt they record values practically identical with the 
theoretical values for C32H4308Ag. 

The eight oxygen atoms required by the formula 
C32H44O8 can be satisfactorily accounted for as 
follows: two in a carboxyl group; four in acetoxyl 
groups ; two in carbonyl groups (at least one 
ketonic). Helvolic acid behaves as an imsaturated 
compoimd, and the course of the reaction with 
perhydrol, as well as other evidence, suggests that 
two double bonds are present. The fact that the 
perhydrol oxidation product is a neutral compound, 
and that there is evidence that it contains a lactone 
ring, makes it probable that one double bond is m 
a position y or S to the carboxyl group. 

No direct evidence has been obtained about the 
kind of carbon skeleton present in the molecule. 
Dr R. E. Richards, of the Physical Chemical 
Laboratory, Oxford, investigated the infrare 
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Reaction of helvoUc acid with perhydrol 
and with periodic acid 

Oxidation proceeds smoothly, giving the same product in 
either case. The following procedures are typical: 

(1) Helvolic acid (65'9 mg.) was dissolved in 7 ml. of 
glacial acetic acid and 1 ml. perhydrol added. The mixture 
was allowed to stand for 16 hr. at room temperature and then 
evaporated to dryness in an evacuated desiccator. The 
residue was crystallized from 70 % acetic acid. Yield 28-8 mg. 

(2) The reagent was a 2-6% solution of sodium periodate 
in 75% acetic acid. Helvolic acid (23-6 mg.) was dissolved 
in 2-5 ml. of reagent and solution allowed to stand for 40 hr. 
at 37°. The mixture was diluted with 5 ml. of water and the 
precipitate dissolved in CHCI3. The CHCI3 layer was 
separated, washed and evaporated at room temperature. 
The residue was recrystaUized from 70% acetic acid. 
Yield 10 mg. 

The identity of the product obtained by the two methods 
was proved by analysis, identity of melting points, and 
mixed, melting point. It was finally proved (Crowfoot & 
Eogers, 1944) by the complete identity of the X-ray 
crystaUographic pictures. The product is neutral, crystalliz- 
ing from acetic acid as small, colourless needles, m.p. 229- 
230°. It is insoluble in water. (Found; C, 64-4, 63-0, 64-4; 
H, 7-6, 7'6, 8-0; mol.wt. (East), 560. C32Hj50ii requires 
C, 634; H, 7-6; mol.wt. 606.) The perhydrol product dis- 
solves slowly in O-l N-NaOH. 15-6 mg., treated for 7 days at 
37° with O-lN-NaOH, went completely into solution. The 
quantity of alkali used up corresponded to an equivalent of 
160. 

A dioxime was prepared by the method used for helvolic 
acid. (Found: N, 4-3. C32H480iiN2 requires N, 44%.) 

By reaction with excess ketene in ethereal solution at 
room temperature, a crystalline monoacetyl derivative was 
obtained; m.p. above 225° (decomp.). (Found: for two 
specimens C, 64-8, 64-2; H, 7-6, 7-6; Ac, 22-3. C34H4gOi2 
requires C, 64-0; H, 74; Ac, 19-8%.) By reaction with 
benzoyl chloride for 16 hr. in pyridine solution at room 
temperature, a crystalline monobenzoyl derivative was 
obtained, m.p. 248°. (Found: C, 66-8; H, 64. C35H50O12 
requires C, 65-9; H, 7-0%.) 

A 3:5-dinitrobenzoyl derivative was prepared in the same 
way,m.p. above 215° (decomp.). (Found:!N’,3"6.C39H450i5N3 
requires N, 3-5 %.) 

Further oxidation of perhydrol oxidation product with lead 
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tetraacetate. The reagent used was a saturated solution of 
lead tetraacetate in glacial acetic acid. Helvolic acid 
(92-9 mg.) was converted to perhydrol oxidation product, 
and the latter was dissolved in 5 ml. of the tetraacetate 
reagent. After standing at 37° for 16 hr. the mixture was 
diluted vith 5 vol. distilled water and shaken for 3 hr. to 
decompose excess tetraacetate. The solution was extracted 
with 5 ml. CHCI3 and the CHCI3 extract evaporated to dry- 
ness. The residue (72-8 mg.) was crystallized twice from hot 
ethanol. A neutral product was obtained, ciystallizing in 
short needles, melting point indeterminate (decomp.). 
(Found: for two specimens C, 62-1, 63-5; H, 6'8, 7-2. 
C32H440]! requires C, 63-6; H, 7-3 %.) Molecular weight was 
found by X-ray crystallography (Crowfoot & Eogers, 1944) 
to be 595 ±15 (C32H44O11 requires mol.wt., 604). 

SUMMARY 

1 . AH analytical and degradative evidence 
suggests that helvolic acid has the formula 
C'32H42-4408 . It titratos as a monobasic carboxylic 
acid. 

2. The following derivatives of helvolic acid have 
been prepared and characterized : the semi- 
earbazone, dioxime, methyl ester, silver salt, and a 
product obtained by oxidation with either per- 
hydrol or periodic acid. The latter appears to be a 
lactone. 

3. From the methyl ester, a semicarbazone has 
been prepared. From the perhydrol oxidation 
product, a dioxime, an acetoxyl, a benzoyl, and a 
3:5-dinitrobenzoyl derivative have been prepared. 

4. The behaviom- of helvolic acid and certain of 
its derivatives on alkaline hydrolysis has been 
studied. Results indicate the presence of two 
acetoxyl groups in the original molecule. 

5. Helvolic acid behaves as an unsaturated sub- 
stance containing two double bonds. 

It is a pleasure to record my thanks to Dr E. Chain, F.E.S. , 
now of the Istituto Superiore di Sanitk, Eome, for his 
encouragement and advice while the original experimental 
work was being done. 
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lated by miiltiplying the total nitrogen by the factor 6'38. 
Lactose was determined polarimetrically by Vieth’s method 
as described by Elsdon & Walker (1942), the necessary 
correction being made for the volume of the precipitate. 
Chloride was estimated by the method of Davies (1938). The 
freezing point was estimated by the improved Hortvet 
apparatus described by Temple (1937). Calcium, magnesium 
and sodium were estimated in milk samples which were 
evaporated in vitreosU basins on a water bath prior to being 
ashed in an electric muffle furnace which was thermo- 
statically controlled at 600°. The ash was dissolved in warm 
6 n-HC 1 and made up to a known volume. The final stage in 
the estimation of calcium was the titration of the precipi- 
tated calcium oxalate with KMn 04 as described by Hawk, 
Oser & Summerson (1947). Sodium was precipitated as 
sodium zinc uranyl acetate in sintered-glass filters, dried at 
100° and weighed (Peters & Van Slyke, 1932). Magnesium 
was determined from the phosphate content (Fiske & 
Subbarow, 1925) of a magnesium ammonium phosphate 
precipitate. Potassium was precipitated as cobaltinitrite 
from a 2 % trichloroacetic acid (TCA) filtrate of whole milk 
and the cobalt in the centrifuged and washed precipitate 
was determined by its colour reaction with nitroso-R-salt 
(Sideris, 1942). The potassium figures were corrected for the 
volume of the protein precipitated by TCA (Rowland, 1938) 
and for co-precipitated sodium. Creatinine was determined 
by treatment of the tungstic acid filtrate of milk with 
alkaline picrate solution, the resulting colour being read in a 
Spekker absorptiometer. Creatine was determined by sub- 
tracting the preformed creatinine from the total creatinine 
determined by the same method after autoclaving the 
protein-free filtrate with HCl (Hawk et al. 1947). Phos- 
phatase was determined as abeady described by Chanda & 
Owen (1951). Ascorbic acid was estimated according to the 
method used byMattick et al. (1945), precaution being taken 
that the samples of milk were made large enough to fill the 
preserving jars in which they were taken so as to prevent 
any aerobic oxidation. The mUk was pipetted into the TCA- 
metaphosphoric acid mixture within 15 min, of the collection 
of the samples, to avoid formation of any dehydroascorbic 
acid. Riboflavin was determined in a Spekker fluorimeter 
by the method of Emmerie (1938) combined with Arnold’s 
(1945) modification. Aneurin was determined fluori- 
metricaUy in isobutanol as thiochrome. The aneurin was 
partitioned as described by Houston, Kon & Thompson 
(1940). Free aneurin was determined in skimmed mUk by 
Jansen’s (1936) method, while cocarboxylase was deter- 
mined from the difierence between free aneurin and aneurin 
present in the takadiastase digest of the TCA extract of skim 
milk. Pepsin digestion of the TCA precipitate gave the 
protein-bound aneurin. Total aneurin (free plus cocarboxy- 
lase plus protein-bound) was independently determined by 
digestion of skim milk with takadiastase only, for it was 
found in confirmation of Houston et al. (1940) that pepsin 
digestion following takadiastase digestion did not materially 
increase the total. 

RESULTS AND DISCUSSION 

Milk yield. Typical graphs showing the increases 
in milk yield brought about by thyroxine and the 
decreases brought about by thiouracil have abeady 
been given (Chanda & Owen, 1951). The quantitative 
responses in milk yield produced by the two drugs in 
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aU. the cows used in the present series of experiments 
are now described. In calculating the positive or 
negative responses in milk yield it is obviously 
difficult to estimate what the yield would have been 
had no treatment been given, since after the first 
few weeks from calving, the yield of milk gradually 
declines. The increases caused by thyroxine and 
decreases caused by thiouracil were therefore com- 
plicated by this natural decline. To offset this 
difficulty, the average daily yield (x) of each cow 
during period 1 was analysed by co-variance with 
the average daily yield {y) in period 2, the cows 
being divided into three treatment groups — control, 
thyroxine and thioiuacil. From the total sum of 
squares and products the variance due to treatment 
was eliminated. From the residual sum of squares 
and products, the following significant regression 
equation was established between x and y 

y= — 0-44-1- 0-94077a: 

(a:=the actual milk yield in Ib. in period 1; y=the 
expected milk yield in period 2). Geometrically, 
this method of statistical analysis corresponds to 
using an extrapolation of a straight line fitted to the 
milk yield data of period 1 as the expected yield m 
period 2 (Owen, Smith & Wright, 1943). Since the 
effects of discontinuance of the hormone treatment 
are just as marked as those produced by its institu- 
tion, period 3 cannot be regarded simply as a second 
control period, so that a line fitted to the data of 
periods 1 and 3 would overestimate the effect of 


Table 1. Effect of thyroxine and thiouracil 
on milk yield 



No. 

Expected milk 
yield during 
period 2 
calculated 
from the 

Actual 

milk 

' 

Group 

of 

regression 

yield 

Kesponse 

of cows 1 

cows (Ib./day)* 

(Ib./day) 

(%) 

Control 

9 

21-1 

21-1 

— 

Thyroxme 
(10 mg./day) 

9 

17-1 

19-3 

+ 13-2 

Thiouracil 
(20 mg./day) 

8 

22-0 

19-6 

-10-7 



* 1 lb. =454 g. 



thyroxme and underestimate that of thiouracil. The 
expected milk yields dm-ing period 2, calculate 
from this equation, compared favourably with t e 
actual milk yields shown simultaneously by each 0 
the nine control cows. The results for all the nine 
thyroxine-treated cows except one showed that t e 
actual yields in period 2 were higher than t e 
expected yields. For the sake of brevity the 
results of each group are recorded in Table 1 ^ 
shows that the average response was j -jg 

the thyroxine-treated cows during treatment, w u 


545 


Vol. 51 


EFEECT OF THYROXINE AND THIOURACIL ON MLE. 3 


the average response was — 10’ 7 % in tlie eight cows 
treated with 20 mg. thiouracil daily. The response 
by the cow in Exp. 1, which received only 10 mg. 
thiouracil, was only -6-8%. The responses in the 
individual cows within groups varied very widely 
and the initial yields of cows did not seem to have 
any effect on the relative magnitude of the response 
caused by either thyroxine or thiouracil. 

Fat, solids-not-fat and protein content of milk. The 
results for solids-not-fat have been calculated to a 
fat-free basis. In most of the animals, thyroxine 
caused an increase in the fat content of the milk. The 
effect of the hormone on the solids-not-fat content of 
milk was variable. In some of the cows there was a 
small increase, but in others there was no change. 
This contrast is particularly noticeable in cow 
no. 12 (Exp. 3) in which the greatest response in the 
fat content of milk was recorded without any 
change in the solids-not-fat. Thiouracil decreased the 
fat content of milk except in cow no. 8 (Exp. 2) for 
which the fat content of mUk was considerably in- 
creased in successive periods. The effect of thiouracil 
on the solids-not-fat content of the milk was in- 
constant. 


had the opposite effect. An increase iii chloride 
content with a corresponding decrease in lactose 
was also noticeable in the control cows with the 
progress of lactation. There was thus a close 
negative correlation between the average lactose 
and chloride contents in Table 3 (r= — 0-9933). 
Davies (1936) pointed out that since lactose and 
chloride account for 80 % of the osmotic pressure of 
milk, there tends to be .a constant relationship 
between these two constituents. He found from 
analysis of numerous milk samples that the re- 
lationship can be expressed as 

lactose content = 6-26— 13-5 x chloride content, 

or in other words lactose -b 13‘ 6 times chloride 
should be constant and equal to 6'26. In the present 
investigation this constant has been calculated and 
recorded in Table 3 in which it is referred to as the 
lactose-chloride number. It was found that this 
number was fairly constant for all the cows in all the 
periods, hut its actual value was somewhat lower 
than that of Davies (1936). The mean value in the 
present experiments was found to be 6-19. In con- 
formity with this constancy of the relationship 



Table 2. 

Effect of thyroxine and thiouracil on the contents of fat and solids-not-fat in milk 

Pat (g./lOO g. milk) Solids-not-fat (g-llOO g. fat-free milk) 

K. A 

Exp. 

Cow 

in period 2 

/ ^ 

Period 1 Period 2 Period 3 

f 

Period 1 

■ \ 

Period 2 Period 3 

1 

1 

None 

4-07 

3-75 

4-15 

8-78 

8-89 

9-15 


0 

10 mg. thyroxine 

3-83 

4-20 

5-00 

8-84 

9-11 

9-92 


3 

10 mg. thiouracil 

3-82 

3-23 

3-38 

8-46 

8-21 

8-57 

0 

4 

None 

4-45 

4-34 

4-78 

8-86 

8-87 

9-20 


5 

10 mg. thyroxine 

4-51 

6-08 

4-83 

9-45 

9-96 

9-61 


0 

10 mg. thyroxine 

4-31 

4-43 

4-61 

8-75 

8-63 

8-97 


7 

20 mg. thiouracil 

4-OG 

3-62 

3-46 

8-48 

8-53 

8-52 


8 

20 mg. thiouracil 

4-19 

4-66 

5-13 

8-79 

8-83 

9-33 

.1 

0 

None 

3-95 

3-90 

4-24 

8-92 

8-89 

8-78 


10 

None 

4-28 

3-95 

3-98. 

8-88 

8-81 

8-54 


11 

10 mg. thyroxine 

4-12 

4-74 

4-35 

9-24 

9-43 

8-95 


12 

10 rag. thjToxinc 

4-14 

5-24 

4-74 

9-01 

8-97 

8-72 


13 

20 mg. thiouracil 

4-44 

4-12 

4-58 

9-05 

8-85 

8-76 


14 

20 mg. thiouracil 

3-91 

3-47 

4-32 

9-02 

9-01 

8-84 


I'ho protein content of the fat-free milk in the 
rows used in Exps. 2 and 3 confirmed the findings in 
Exp. 1 already reported by Chanda & Owen (1951). 
Neither tluToxino nor thiouracil had any effect on 
tlie protein content of the fat-free milk. 

Lactose, chloride ond freezing point. These 
analyses, which were carried out in Exps. 1 and 2 
only, show that, corresponding to a small increase 
in solids-not-fat (Table 2), there was a small in- 
en^aso in the lactose content of the milk, but the 
effeot was not notieeahlo in all the treated cows. 
'Ihioumcil caused a small decrease in lactose 
content cornxsponding to a small decrease in solids- 
not -fat . Simnltanoously with on increase in lactose 
contem tlam' was a decrease in the chloride content 
oftheimlkmthethjToxine-treated cows.Thioumcil 
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between lactose and chloride it was also found that 
tho freezing point of the milk remained unchanged 
throughout the experiments (Table 3). 

Calcium, magnesium, sodium and potassium. The 
calcium content of the milk showed no change 
attributable to hormonal effects, thus confirming the 
earlier observations of Owen (19486). In con- 
formity -with this finding is the observation that 
calcium was not affected by thiouracil. In Exp 3 
tho mean calcium contents, with their standard 
t^J^oxine-treated cows were 
136-/ ± 3-1. 130-8 ±3-1 and 121-2 + 3-0 mg./lOO g 
milk in periods 1, 2 and 3 respectively. The corrf 

ponding figuresforthetwocowswhich were treated 

124-4±2-8, 118-8±3-0 and 
_ - 8, and for the two control cows 121-2 + 3-3, 
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114-8 + 3-4 and 110-3 + 3-1. The failure of hormonal 
treatments to change the calcium content of milk is 
in sharp contrast to their effects on the phosphorus 
content which was increased by thyroxine (Owen, 
19486; Chanda & Owen, 1951) and decreased by 
thiom-acil (Chanda & Owen, 1951). As pointed out 
earlier (Owen, 19486), this can perhaps be related to 
the small amount of calcium required by the soft 
tissues. These observations, in conjimction with 
that of Owen (19486), indicate that the metabolic 
pathways of calcium and phosphorus in adult 
animals are not so directly linked in the soft tissues 
as they are known to be in bone. 

There was no indication that either drug caused 
any change in sodium, potassium or magnesium. 
The means and standard errors for all animals, 
without distinction of periods, were 64-3 + 4-8, 
149-6 + 3-6 and 11-3 + 0-4 mg./lOO ml. milli for 
sodium, potassium and magnesium respectively. 
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experiment was, however, by injection, whereas, in 
the treatment of toxic goitre in humans, thiouracil 
is given by mouth and much larger doses of the drug 
per unit body weight are used. Since leucopaenia 
caused by thiouracil is an idiosyncrasy it is con- 
ceivable that treatment of a larger number might 
demonstrate its occurrence in cows. We have, 
however, never observed any untoward symptoms 
in cows treated with thiouracil. The average figures 
for blood constituents of all the cows in Exp. 3 
were : haemoglobin 8-80 + 0-17 g./lOO ml., red blood 
cells 5-11 + 0-14 mUlions/mm.®, and white blood cells 
9-31 + 0-42 thousands/mm.^. 

Creatine and creatinine content of milk. To find 
whether the increase in ester phosphorus caused by 
thyroxine (Chanda & Owen, 1951) coxild be attri- 
buted to an increase in labile phosphate, such as 
creatine phosphate, the creatine content of the milk 
was estimated in Exp. 3. The results showed that 


Table 3, 

Exp. Cow 

1 1 

2 

3 

2 4 

5 

6 

7 

8 20 mg. thiouracil 1 

2 




Lactose 

Depression of 

Lactose 

Chloride 

chloride 

freezing point 

(%) 

{%) 

number* 

rc.) 

4-13 

0-151 

6-17 

0-545 

4-09 

0-155 

6-18 

0-541 

4-05 

0-158 

6-18 

0-542 

4-22 

0-145 

6-18 

0-546 

4-47 

0-125 

6-16 

0-539 

4-16 

0-152 

6-21 

0-544 

4-33 

0-137 

6-18 

0-538 

4-06 

0-156 

6-17 

0-542 

4-37 

0-139 

6-25 

0-546 

4-39 

0-132 

6-17 

0-542 

4-21 

0-148 

6-21 

0-539 

4-09 

0-155 

6-18 

0-541 

4-67 

0-112 

6-18 

0-545 

6-18 

0-076 

6-21 

0-546 

4-76 

0-105 

6-18 

0-542 

4-28 

0-144 

6-22 

0-539 

4-32 

0-138 

6-18 

0-542 

4-11 

0-154 

6-19 

0-537 

4-25 

0-142 

6-17 

0-547 

4-29 

0-140 

6-18 

0-541 

4-35 

0-139 

6-23 

0-545 

4-31 

0-138 

6-17 

0-551 

4-01 

0-159 

6-16 

0-547 

4-44 

0-135 

6-26 

0-549 


Effect of thyroxine and thiouracil on the lactose and chloride contents of milk 


Daily injection 

in period 2 Period 

None 1 

2 
3 

10 mg. thyroxine 1 

2 
3 

10 mg. thiouracil 1 

2 
3 

None 1 

2 
3 

10 mg. thyroxine 1 

2 
3 

10 mg. thyroxine 1 

2 
3 

20 mg. thiouracil 1 

2 


* Lactose content + 13-6 x chloride content =6-26 (Davies, 1936). 


Blood analysis. In view of reports that thioiuacil 
treatment of toxic goitre in humans causes leuco- 
paenia in a minority of patients (Grainger, Gregson 
& Pemberton, 1945 ; Himsworth, 1948), the blood of 
the cows in Exp. 3 was analysed for haemoglobin, 
red blood cells and white blood cells. The daily 
variations could not be related to the drug treat- 
ments, and there was no evidence of leucopaenia in 
the cows. The method of treatment in the present 


neither thyroxine nor thiouracil caused any change 
in the content of either creatine or creatinine. An 
analysis of variance showed that there was no 
significant variation in the creatine content of the 
milk between animals. There was, however, a 
significant decrease from period to period. This 
variation was attributable to advancing lactation 
since there was a regiilar trend of decrease during 
successive periods in all the cows. The averages 



effect of thyroxine and THIOURACIL ON :j 

in periods 1-3 of creatine + croatiiiino (»ioasurod 
as ^creatinine) ^’ere 13-7 ±0-50 13-1 ±0-52 and 
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as creatinine) ^ y , 

11.6 + 0-62 mg./lOOg. in tl'O thyroxino-trcntw 

cows, respectively. The corresponding ‘ 

cows which received thiouracil wore M-OiO.-lfl, 
13.2 + 0.54 and II.4 ± 0.62, and for tho control cows 
12-8 ±0-60, 13-4 ±0.60 and 11.8±0'64 mg./lOO g. 
Creatino contributed a relatively constant per- 
centage to these totals ( / 1'2 i 4‘1 /c)- 

The lack of change in the creatino content, ol 
milk in thjTroxine-treated cows is in sharp con- 
trast to that of urinary creatino which was found 
to be markedly increased in cows treated with 
thjTOxine (Owen, 1948o). The statement of Basu & 
lilukherjee (1943) that ester phosphorus in milk is 
exclusively the labile creatino phosphate is not 
supported by those results. In spite of t ho largo in- 
crease in the ester phosphorus caused by th>woxino 
(Chanda & Owen, 1951), no changes occurred in the 
creatine content of the milk. Moreover, the amount 
of creatine found in the milk could have accounted 
for only 1-4 mg. ester phosphorus, which is lower 
than the smallest ester phosphorus Bguro observed 
by Chanda & Owen (1961) during thiouracil treat- 
ment. 

Water-soluble vitamirxs 

Ascorbic acid. The results for the five cows in 
Exp. 2 are recorded in Fig. 1 which shows that, in the 
thjToxine -treated cows, the ascorbic acid content of 
the milk decreased during treatment, while in the 
cows which were treated with thiouracil it increased. 
The control cow showed that the stage of lactation 
had little effect on the ascorbic acid content of the 
milk. In Exps. 1-3 the mean decrease caused by 
10 mg. thyroxine in five cows was 25% (range 
14-34%) while the mean increase caused in four 
cows by 20 mg. thiouracil was 24 %. In the cow 
• dosed with 10 mg. thiouracil the decrease was 


mean results for (ho (wo (hyroxine.livatofl rows 
.showed n decroa.so in the treat ment )wnnd (ja-nod 
compared with tho initial control jicriod (iwriod J), 
but (his also occurred in one of tho control cows mul 
in the two thiouracil cows. Tho results were tin'ro- 
fore analysed slat isticnlly. Tho analysia of variance, 
also recorded in 'laldo 4. showed that the ilifren'iices 
botweon cowh \vore »ignificjuit> hut that tlio rliuDr- 
cnees between periods within cows wore ^ 1 he 
moan values in i>eriod 1 Bhow(>darangoofH3-127 ;ig./ 
100 ml. fat-free milk. It can, therefore, be con- 
cluded that neither the drugs nor tliostago of laetn- 

lion cau.sed any change in tho riboflavin content. 



10 %. 

Decreases in ascorbic acid content of milk after 
treatment of cows with iodinated casein have been 
recorded by Van Landingbam, Henderson & 
Weakley (1944). Similar decreases were observed 
by Bartlett, Bowland & Thompson (1949) who 
attributed them to the iodide in the iodinated 
casein. Since, however, iodinated casein was not 
used in the’ present experiments, it is clear that it is 
the thyroxine itself which produces these effects. 
The minute dose of iodine given in 10 mg. thyroxine 
per day could not be expected to influence the 
ascorbic acid content of the milk. Furthermore, 
there is other evidence, albeit indirect, that the 
thyroid probably governs the ascorbic acid content 
of milk. 

Riboflavin. The mean riboflavin contents of the 
milk of six cows (Exp. 3) in individual periods are 
recorded in Table 4 with their standard errors. The 


Fig. 1. Effect of thyroxine and thioumcil on tlio nscorhic 
acid content of cow’s milk. 

Bartlett ct al. (1949) reported a 17% docronso in 
riboflavin in tbomilk of cows treated with thyroxine. 
Tho Arizona workers (Kommoror, Bolomoy, Vavich 
& Davis, 1040) also reported a docroa.so, tho con- 
centration of riboflavin during tho treatment period 
dropping almost to nil. Tlicso values, ns Kon & 
Henry (1949) pointed out, are inconceivably low. 
In view of tho finding of Bartlett cl al. (1949) tho 
present results of 2 -day values wore further 
analysed statistically to compare tho rates of de- 
crease in groups of cows diu-ing period 2. Tho 
differences between the tlweo regressions wore 
found not to be statistically significant. Kon & 
He^ (1949), quoting Thompson (1945), stated 
that neither thyroxine nor iodinated protein had 
any effect on the riboflavin content of milk. 


35-2 
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Table 4. Effect of thyroxine and thiouracil on the riboflavin content of cow's milk 


Biboflavin (/ig./lOO ml. fat-free milk±s.E.) 
Daily mjection t 


Cow 

in period 2 

Period 1 

Period 2 

Period 3 

9 

None 

103-2±l-6 

105-4±2-2 

102-2 ±4-2 

10 

None 

82-6±l-7 

77-2 ±2-9 

77-0±2-4 

11 

10 mg. thyroxine 

lll-5±2-8 

97-5±3-l 

108-l±3-6 

12 

10 mg. thyroxine 

103-0±l-5 

95-l±2-9 

100-2±3-4 

13 

20 mg. thiouracil 

104-6±l-6 

103-5 ±2-6 

99-5±4-l 

14 

20 mg. thiouracil 127-2±2*2 115-7±2-5 

Analysis of variance of the average results for riboflavin 

(N.S., not significant.) 

107-0 ±4-2 

Source of 

Degrees of 

Sum of 

Mean 

Variance ratio 

variation 

freedom 

squares 

square 

(e«) 

Total 

17 

2687-68 

— 

— 

Cows 

5 

2302-18 

460-44 

20-39* 

Periods 

2 

159-61 

79-81 

3-63 (N.S.) 

Error 

10 

225-79 

* P <0-001. 

22-58 



Total aneurin and the partition of aneurin. The 
cocarboxylase and protein-bound aneurin in the 
milk studied in Exp. 3 are shown graphically in 



milk. O — 0» cocarboxylase; • — •, protein-bound 
aneurin. 

Fig. 2. In this diagram the individual 2-day data 
throughout the experiment are shown. The average 
values for total aneurin in each period are recorded 


in Table 5, where the phosphatase and the partition 
of aneurin between the free, the cocarboxylase and 
the protein-bound forms are also recorded. It can 
be seen from Table 5 that the total aneurin content 
of the milk gradually decreased in all the cows in 
successive periods. There were large variations in the 
total aneurin values between cows. An analysis of 
variance of the total aneurin showed that the 
differences between cows and between periods were 
statistically significant. Due to the significant 
difference between cows, comparisons cannot be 
made between the controls and the treated cows in 
the same period ; and from a comparison of the same 
cow from period to period, the effect of the hormone 
treatment is difficult to establish, but it would 
appear that the normal rate of the decrease was 
slightly retarded by thyroxine and somewhat en- 
hanced by thiouracil. In spite of the smallness of the 
change in the total aneurin, the partition of aneurin 
showed considerable change. Table 6 shows that 
imder the influence of thyroxine the cocarboxylase 
in the mUk increased markedly at the expense of the 
free anemin. There was also a small increase in the 
protein-boimd aneurin. These changes are well 
shown in Fig. 2. Decreases in the free form of 
aneurin in the mflk of cows fed iodinated protem 
were reported earlier by Bartlett et al. (1949). The 
present experiments have shown that these de- 
creases are accompanied by an increase in the 
cocarboxylase and in the protein-boimd forms of 
aneurin when thyroxine is administered sub- 
cutaneously. At the peak of hormonal response, the 
cocarboxylase in the thyroxine cow no. 12, ac- 
coimted for 38 % of the total aneurin compared with 
only 21 % in the pretreatment period. The present 
results showed that thiouracil increased the free 
aneurin content and decreased the contents of both 
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Cow 

9 

10 

11 


12 


13 

14 


EFFECT 


OF THYROXINE AND THIOURACIL ON MILK. 




Daily injection 
in period 2 

None 

None 

10 mg. thyroxine 
10 mg. thyroxine 
20 mg. thiouracil 
20 mg. thioumoil 


Table 6. 


Period 

1 

2 

3 

1 

2 

3 

1 

0 

3 

1 

0 

3 

1 
2 
3 

1 

o 

3 


Partition 

0 / ancuriti in 

! fat-free. 

milk 




No. of 

nnalj'sca 

Total 

aneurin 

(,ig./I00ml.) 

rcrcciitagc of total aneurin ns 

Free Coenrboxy- Protein- 

\-itnmin laae bound 

Phoa. 

plmtnae 

(phenol 

miifa)* 

11 

10 

11 

30-4 

370 

37-1 

50’4 

55-0 

72-7 


38-0 

3 10 

14 It 

7-3 

7-9 

n-9 

69 

68 

109 

11 

40-5 

48-0 


39-9 

7-0 

47 

10 

41-C 

fit -3 


24-8 

0-5 

07 

11 

405 

700 


18-5 

O’O 

78 

11 

40-5 

Gl-2 


20-2 

5-9 

70 

10 

400 

30-7 


58-2 

7-3 

35 

11 

411 

02-2 


20-2 

0-9 

81 

11 

420 

68-1 


31-5 

0-7 

07 

10 

410 

28-4 


.58-1 

10-8 

21 

11 

39-2 

f)G-0 


30-9 

70 

73 

11 

45-8 

450 


42-5 

70 

39 

10 

391 

08-4 


21-1 

7-3 

70 

11 

.37-1 

07'2 


21-0 

7-4 

73 

11 

60-3 

42-7 


440 

7-4 

37 

10 

450 

00-8 


23-4 

5-7 

01 

11 

44-3 

08-3 


20'5 

O-l 

69 


* See Chanda & Owen (1051). 


cocarboxylase and protoin-bound aneurin (Fig. 2). 
The same sorb of effect xvas noticed in the control 
cows (Table 5) as in the thiouracil cows, but it is 
evident from Fig. 2 and Table 5 that these natimal 
effects were intensified by thioirracil. Thus, the 
minimum percentage of total aneurin in the form of 
cocarboxylase was decreased from 10 % in period 1, 
to 8 % in period 2 in the control cow (no. 10) while 
the corresponding decrease was from 1 8 to 4 % in the 
thiouracil-treated cow (no. 14). 

■ During the last period of the experiment, the 
combined effect of advancing lactation and the 
cessation of thyroxine treatment produced some 
dramatic changes. The phosphatase titro increased 
rapidly and there was a big increase in free aneurin 
at the expense of cocarboxylase (Table 5). Protoin- 
boimd aneurin was also reduced. 'WTien thiouracil 
was discontinued, advancing lactation offset the 
expected sharp decrease in the phosphatase titro 
(Table 5) but protein-bound aneurin and cocarbo- 
xylase increased (Fig. 2). The effect of advancing 
lactation can be seen in the control animal (no. 9), in 
which, during period 3, a marked increase in phos- 
phatase was accompanied by an increase in free 
aneurin and by corresponding decreases in cocarbo- 
xylase and protein-bound aneurin (Table 6). 
These effects were as unmistakable as those pro- 
duced artificially by thiouracil in cows 13 and 14. 

Correlation between phosphatase and phosphory- 
lated aneurin. A positive correlation between phos- 
phatase and free aneurin was observed to be a 
normal occurrence in the milk of cows and goats 
(Houston et al. 1940) and of sows (Braude etal. 1947) 
and also in human milk (Chanda, Owen & Cramond, 
1961). This was confirmed in the present work. 


There was a close po.sitivo correlation botweon 
phosphata,so and free aneurin in the tnilk of all tho 
cows (Table 0), and those corrolation.s hold whether 
tho rosulla for free aneurin were oxi)ro.ssod in unit.s 
per 100 ml. milk or ns porcontagos of tlio total 


Table C. Correlations of the percentages oj aneurin 
in the free and cocarboxylasc forms with phosplui' 
lasc in the cow's tnilk 

(Number of p.nirs of observations was 28 in each ea.se.) 

Cocflicient* of correlation of 
pbosphataso with 


* — — — — 

Free aneurin x 100 Cocarboxj’lase x 100 


Cow 

Treatment 

Total aneurin Total aneurin 

0 

None 

+ 0-9190 

-0-8900 

10 

None 

+ 0-8932 

-0-8473 

11 

Thyroxine 

+ 0-8794 

-0-8898 

12 

Thyroxine 

+ 0-9514 

-0-9185 

13 

Tiiiouraoil 

+ 0-8419 

-0-8257 

14 

Thiouracil 

+ 0-8328 

-0-7809 

* Every coefficient shoam in tho table 
P<0001. 

is significant at 


aneurin. There wore also (Figs. 3 and 4) largo 
negative correlations (Table G) between phosphatase 
and cocarboxylaso. Tho curves in Figs. 3 and 4 fitted 
by the method of least squares, show for a th}'- 
roxine and a thiouracil cow a curvilinear relationship 
between phosphatase and cocarboxylaso similar 
to that found in human milk by Chanda ct al. 


and tor protein-bound aneurin are plotted, tho 
regression line, fitted by tho method of tho least 
squares indicates a significant negative but non- 
Imear correlation between the two variables. 
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Biochemical significance of the relation of phos- 
phatase to phosphorylated aneurin. Like ester 
phosphorus, which was increased dramatically by 
thyromne (Chanda & Owen, 1951), cocarboxylase 
and protein-bound aneurin were also markedly in- 
creased by the hormone. Thiomacil caused a 
significant decrease in cocarhoxylase. Normally a 
higher proportion of phosphorylated aneurin is a 
characteristic of early lactation (Houston et al. 1 940 ; 



Cocarboxylase {}ig./100ml. fat-free milk) 

Fig. 3. Correlation between cooarboxylase and phosphatase 
in the milk of thyroxine-treated cow no. 11. 



Cocarboxylase (pg./IOOml. fat-free milk) 

Fig. 4. Correlation between cocarboxylase and phosphatase 
in the milk of a thiouracil-treated cow. 

Chanda, 1951). In late lactation the amount of 
phosphorylated aneurin is only 10% of the total 
aneurin so that the ratio of total to free aneurin 
approaches unity. The liigher proportion of phos- 
phorylated aneurin in early lactation. and during 
thyroxine treatment may be related to the greater 
activity of the mammary gland. The phosphatase 
litre in milk becomes small, perhaps due to its 
retention in the gland at the peak of lactation or 
when thyroxine is administered to the cow. As the 
free aneurin in the millc of thyroxine-treated cows 
was observed to decrease with a conconntant 
fiecrease in the phosphatase, the contents of cocar- 
boxylase and protein-bound aneurin were foimd to 


1952 

increase. The larger amount of phosphorylated 
aneurin appeared to occur at the expense of free 
aneurin because the total aneurin remained approxi- 
mately constant. With thiouracil the proportion of 
free aneurin was increased at the expense of the 
phosphorylated fractions. When the mammary 
gland worked faster imder the influence of thyroxine 
more of the phosphoric esters were synthesized 
(Chanda & Owen, 1951). This in turn was accom- 
panied by an increase in the cocarhoxylase. During 



Protein-bound aneurin (fig./IOOml. fat-free milk) 


Fig. 5. Correlation between protein-bound aneurin and 
phosphatase in cow’s milk. The ordinate of each point 
represents the mean value of phosphatase for a given cow 
in a given period, and its abscissa represents the corre- 
sponding mean value of protein-bound aneurin. 

hypothyroidism there is a lowering in the metabolic 
rate and consequently less of the milk aneurin is in 
the phosphorylated form. The lesser amount of 
phosphatase secreted in the mUk during thyroxine 
treatment (FoUey & White, 1936) may therefore 
denote a retention of the enzyme for synthetic 
activity in the gland. This hypothesis is supported 
by the close negative correlations observed between 
phosphatase and phosphorylated aneurin. The 
function of the milk phosphatase may thus be 
anabolic in the mammary tissue even though in nulk 
after secretion it appears to be mainly hydrolytic 
(Graham & Kay, 1934). The interdependence of 
phosphorylated compounds and phosphatase may 
be related to the power of thyroxine to increase the 
concentration of enzymes in the body (WiUiams- 
Ashman, 1948). The reverse changes caused by 
thiouracil are also explicable on this basis. The 
negative correlations between phosphorylated 
compounds and phosphatase observed hi this and m 
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previous experiments (Chanda cl al. 1961; Chanda 
& Owen, 1961) may imply a sj-nthetic role for plios- 
phatase in sjmtheses by the mammary gland. 

SUiiniARY 

1. The effect of thyroxine and thiouracil on the 
composition of cow’s millc has been investigated, 
and the relation of phosphatase to the partition of 
aneurin has been specially studied. The following 
are the main results : 

2. Thiouracil (20 mg. per cow per day sub- 
cutaneously) decreased the milk yield of cows by 
10-7 %, while DL-thjTOxine (10 mg. per cow per day 
subcutaneously) increased it by 13‘2%. 

3. Thyroxine caused an increase in the fat of milk 
in some of the cows and thiouracil caused a decrease. 

4. There was a small increase in the lactose 
content of milk in the thjwoxine -treated cows 
corresponding to a simultaneous decrease in the 
chloride content. Thiouracil caused the reverse 
effects. There was an inverse relationship between 
lactose and chloride, such that 

lactose cbntent=6-19 — 13-5 x chloride content. 
The freezing point of the milk was not changed by 
either drug. 

5. The calcium, sodium, potassium, magnesiiun, 
protein, creatine and riboflavin contents of the 
milk were not demonstrably affected by either 
thyroxine or thiouracil. The creatine content of 
milk decreased with advancing lactation. Creatine 
phosphate was not found in the milk. 


rmi 

0. Thyroxine decreased tho ascorbic acid con- 
tent of the milk by 26 %, while thiouracil caiiscd an 
increase of 21 %. When tho dosage of thiouracil was 
halved, the iticrcaso was only 10 %. 

7. ThjToxino did not affect tho total anoun'n 
content of tho milk, but thiouracil caused a small 
but statistically significant decrease. Tliyroxino 
increased markodlj’ the cocarboxylaso content of 
tho milk, while a small hwl statistically significant 
increase also occurred in tho protoin-bound aneurin 
fraction. These increases were inostlj’ at t he expoaso 
of free aneurin which was decreased by thyroxine 
injection. Thiouracil changed tho partition of 
aneurin in tho opposite way. There were close 
negative correlations between phosphatase and co- 
carboxylaso. Likewise there wore close negative 
corrolatioas between phosphatase and protein- 
bound aneurin. Tho correlations between phos- 
phatase and free aneurin were jmsitivo. These 
correlations wore found in all cows, irrespective of 
treatment with thjToxino or thiouracil. Implica- 
tions of those correlations in tho biochemistry of 
millc secretion have been discussed. 

Tho outhors wish to thank Miss T. McGuigan, Miss S. 
McLnuchlan and Miss M. Millar for technical assistance. 
They also wish to thank Dr P, S. Watts for tho blood counts 
and haemoglobins of tho cows in Exp. 3. This work was 
assisted by a grant from the Agricultural Research Council 
to one of us (R.C.) who also wishes to thank the Government 
of India for a scholarship which ho held when these experi- 
ments began. 


REFERENCES 


Archibald, J. G. (1945). J, Dairy Sci. 28, 941. 

Arnold, A. (1945). Cereal Chem, 22, 455. 

■ Bartlett, S., Rowland, S. J. & Thompson, S. Y. (1949), 
Xllth Ini. Dairy Congr. 1, 102. 

Basu.K.P. &Mukherjee,K.P. (1943). Indian J.vet.Sci.lZ, 
231. 

Braude, R., Coates, M. E., Henry, K. M., Kon, S. K., 
Rowland, S. J., Thompson, S. Y. & Walker, D. M. (1947). 
Brit. J, Nutrit. 1, 64. 

British Standards Institution (1936). Specification No, 
696, part 2, p. 9. 

Chanda, R. (1951). Ph.D. Thesis, University of Glasgow. 

Chanda, R. & Owen, E. C. (1951). Biochem. J. 60, 100. 

Chanda, R., Owen, E. C. & Cramond, B. (1951). Bril. J 
Nutrit. 5, 228. 

Davies, W. L. (1936). TU Chemistry of Milk. London- 
Chapman and Hall. 

Davies, W. L. (1938). J. Dairy Res. 9, 327. 

Elsdon, G. D. & Walker, G. H. (1942). Richmond’s Dairy 
Chemistry, 4th ed. London : Charles Griffin. 

Emmerie, I. A. (1938). Z. Vitaminforsch. 7, 244. 

Rske C. H. & Subbarow, Y. (1925). J. biol.' Chem. 66 
o75. * 

Pofiey, S. J. & White, P. (1936). Proc. roy. 80 c. B, 120, 


Graham, W. R, (1934o). J. Nutrit. 7, 407. 

Graham, W. R. (19345), Biochem. J. 28, 1368. 

Graham, W. R. & Kay, H, D. (1934). J. Dairy Res. 6 , 64. 
Grainger, A., Gregson, D. A. & Pemberton, H. S. (1945). 
Brit. med. J. ii, 343. 

Hawk, P. B., Oser, B. L. & Summerson, AV. H. (1947). 
Practical Physiological Chemistnj, 12th ed. Philadelphia:' 
Blakiston, 

Herman, H. A., Graham, W. R. & Turner, C. W. (1938). 

Res. Bull. Mo. agric. Exp. Sla. no. 275. 
mbs, J. AV. & ICrauss, W. E. (1947). J. Anim. Sci. 6, 101 
Hunsworth, H. P. (1948). Brit. med. J. ii, 61. 

Houston, J., Kon, S. K. & Thompson, S. Y. (1940). J, Dairy 
Res. ii, 145. •' 

Jack E. L. & Bechdel, S. 1. (1935). J. Dairy Res. 18, 
Jan^n; B. C. P. (1936). Rec. Trav. chim. Pays-Bas. 65, 

^T'N7l94n^p®''''r®^’ G. & Davis, 

Kon. S. K. & Henry. K. M. (1949). J. Dairy Res. 16. 

S. K. t Ejddl, J. W. (1946). J. 



552 


R. CHANDA, M. L. McNAUGHT AND E. 0. OWEN 


Owen, E, C. (1948a). Biocliem. J. 43, 235. 

Owen, E. C. (19486), Biocliem. J. 43, 243. 

Owen, E. C., Smith, J. A. B, & Wright, N. C. (1943). 
Biocliem. J. 37, 44. 

Peters, J. P. & Van Slyke, D. D. (1932). Quantitative 
Clinical Chemistry, V61. 2, 1st ed. London: Baillifere, 
Tindall and Cox. 

Ralston, N. P., Cowsert, W, C., Ragsdale, A. C., Herman, 
H. A. & Turner, 0. W. (1940). Bes, Bull. Mo. agric. Exp. 
Sta. no. 317. 

Rowland, S. J. (1938). J. Dairy Res. 9, 42. 


1952 

Sideris, C. P..(1942). Industr. Engng Chem. (Anal, ed.), 14 
821. 

Smith, J. A. B. & Dastur, N. N. (1940). Biochem. J. 34, 1093. 
Temple, P. L. (1937). Analyst, 62, 709; 

Thompson, S. Y. (1945). Ph.D. Thesis, University of 
Reading. 

Van Laridingham, A. H., Henderson, H. 0. & Weakley, 
0. E. (1944). J. Dairy Sci. 27, 385. 

Van Landingham, A. H., Hyatt, G. & Weakley, C. E. (1946). 
J. Dairy Sci. 29, 533. 

Williams-Ashman, H. G. (1948). Biochem. J. 42, li. 


Uptake of Potassium Tellurite by a Sensitive Strain of Escherichia coli 

By P. D. cooper and A. V. FEW 
Wright-Fleming Institute of Microbiology, St Mary's Hospital Medical School, 

Paddington, W. 2 

{Received 21 Augtist 1951) 


As early as 1913 Schurmann & Hajos added potas- 
sium tellurite to a differential medium for the isola- 
tion of the diphtheria bacUlus, and this use of 
potassium tellurite has now become familiar. 
Cavazutti (1921) and Joachimoglu (1920, 1922) 
found that in general Gram-positive organisms were 
less affected by tellurite than Gram-negative, and 
that the activity of related compoimds decreased 
in the order Te032~>Se03^“>Te04*“>Se04*“. 
Fleming (1932, 1942) demonstrated the value of 
potassium tellurite when used with penicillin and 
gentian violet for the isolation of certain bacteria 
from badly contaminated sources. Penicillin and 
potassium tellurite were both active at high dilution 
on entirely different bacterial species so that, with 
a few exceptions, bacteria which were penicillin- 
sensitive were teUimite-resistant and vice versa. 
Strains of Escherichia coli sensitive . to tellurite 
could rapidly acquire resistance by serial subcultiva- 
tion in increasing concentrations of the salt 
(Fleming & Young, 1940) and the antigenic and 
fermentation characteristics of both sensitive and 
natmally resistant strains of Esch. coli appeared to 
be identical. There was also some evidence of a very 
high, absorption of tellurite by actively growing 
bacteria. Growth on tellurite agar yields black 
colonies, and granules can be seen inside the cells 
which are presumably composed of elementary 
tellurium (Hewitt, 1951). 

In the present communication, as an approach to 
the means by which potassium tellmite (K2Te03) 
inhibits bacterial growth, the mechanism of assimi- 
lation of potassium tellurite by bacterial suspensions 
is studied by the quantitative determination of the 
uptake using incorporated into potassimn 

tellmite as radioactive tracer. 


Although the tellurium was added to the bacterial 
suspensions as the alkaline salt K2Te03, the true 
substrate of the assimilation process at pH 6-5 may 
be Te02, H2Te03 or HTeO^. The pK^ values of the 
two dissociation stages of tellurous acid were found 
to be 8-9 and >10, so that only about 0T% of 
HjTeOg is ionized at pH 6- 5. VNTaatever the nature of 
this substrate, however, or of the final chemical 
form in which Te accumulates in the cells, uptakes 
and concentrations have been expressed throughout 
in terms of K2Te03 . 

METHODS 

Preparation of radioactive potassium tellurite 

Acidic residues, containing radioactive Te obtained in the 
preparation of were supplied by the Atomic Energy 
Research Establishment, Harwell, with an activity of 
approximately 5 me. in 100 ml. Oxalate, sulphate and 
chromic ions were also present, and elementary Te was 
slowly precipitated from the acid solution by the addition of 
10 g. of NajSjOs to 50 ml. of residues. After. 48 hr. the 
precipitation appeared to be complete and the Te was 
separated and washed five times with distilled water. The 
moist Te was dissolved in a slight excess of 50 % (v/v) HN O3 , 
and the solution was cleared by, centrifuging and diluted 
with distilled water to 6 ml. On addition of 20 ml. of 
ethanol a flooculent white precipitate of .TeO™ appeared. 
After standing overnight this was washed three times edth 
distilled water in the centrifuge and dried for 24 hr. in vacuo 
over P206- The product was weighed, and the theoretical 
amount of 1 % (w/v) KOH solution added to form K2Te03. 
The solution was finally diluted to a concentration of 
1000 fig. KjTeOa/ml. 

The overall yields nf K2Te03 were 100-150 mg., ^th an 
initial specific activity of about 0-5 fie.jmg. and a radioacUve 
recovery .of 2%. The half .life of this solution corresponded 
exactly with that of '-‘Te (90 days). 



UPTAKE OF TELLURITE BY ESCIL COLI 

The concentration of the radioactive KjTeO, Tr' ronlcl^^^ mg./inl. witl> l<'litmlo 


then Vonfirmed by the colorimetric method of Shnhhov 
(1945) and by isotope dilution with a standard O-l /a ("■/'’) 
K.TeOj solution. 

These determinations showed that the saturation con- 
centration of K-TeOj at 18° and pH 6-5 was 120-150/.g.;ml. 
Accordinglj', no experiments were conducted at a higher 
concentration than lOOpg./ml. 

As a sample of commercial potassium tellurite was found 
to contain more than 30 % excess of the theoretical quantity 
of TeOz, the standard solution of KjTeOj used above was 
prepared from dried TeOj obtained from the commercial 
salt by precipitation ndth acid. 

PT&paralioti oj bacterial suspensions 

One of the organisms most sensitive to tellurite among ten 
strains tested was found to be Esch. coli D. 433, from the 
National Collection of Type Cultures, and this has been used 
throughout these experiments. Saline suspensions were 
prepared from a 16 hr. agar slope, and used for inoculation 
of 250 ml. of the semi-synthetio medium described below. 
After incubation in Roux bottles at 37° for 10-18 hr., the 
cultures were harvested and washed three times with 
distilled water at 4°, yielding approx. CO mg. dry wt. of 
bacteria/250 ml. medium. 

11. of the medium contained 1 g. KHjPO^, 0-7 g. 
MgSOi.7H.0, 1 g. NaCl, 4 g. {NH 4 )jHPO<, 0-5 g. trisodium 
citrate, and 0-5 mg. ReClj, together rrith 100 ml. of a 
neutralized acid casein hydrolysate containing 14-2 mg. 
N/ml. and 9-1 mg. VOt^-jra\., prepared by the method of 
Mueller (1939). NaOH solution was added to pH C and the 
medium was autoclaved in 250 ml. sctew-capped bottles. 
The pH was unchanged by sterilization and growth. 

Measurement of uptake 

The procedure was similar to that previously used in this 
laboratory for the determination of the uptake of radio- 
active penicillin by bacteria (see Rowley, Cooper, Roberts & 
Smith, 1950). The washed bacterial suspensions, at ap- 
proximately the required concentration, were aerated for 
1 hr., as tins procedure was found to increase tellurite up- 
take. A 0-1 ml. sample was diluted to 10 ml. for assay of 
bacterial dry wt./ml. on a calibrated HUger absorptiometer. 
Samples (1 ml.) in centrifuge tubes were then incubated 
with buffer solution for 15 min. before addition of KjTeOj 
and further buffer up to 5 ml. After a given time at 37° the 
tubes were cooled in ice-water, centrifuged rapidly (8 min. 
at 3500 g') and washed three times in distilled water after 
which the final supernatant solutions were entirely free of 
radioactivity. Care was taken not to remove bacteria with 
the supernatant solution. The washed bacteria were trans- 
ferred to calibrated tubes and made up to 2 ml. with 
distilled water, and two 0-25 ml. samples were allowed to diy 
on planchettes for radioactive assay. As no attached radio- 
activity was found to be lost by the washing process, the 
uptake could then be calculated in terms of pg. of KjTcOj/ 
mg. bacterial dry ^vt., knowing the specific activity of the 
H^^eOg and the mitial bacterial concentration. 


of bacterial concentrations 
concentrations of 40;ig./ml. and a reaction time of 4.. mm. 

Jtadioactivc ctssan 

This was performed on the same apparatus used pre- 
viously (Rowley el al. 1950). Total counting rates were 
generally of tlic order of 100/min., and duplicate plan- 
chettes were each counted for two 10 min. periods ntdifferent 
times during the day. Tlio probable counting error is 
approx. ±2-0% for each sample. A background count 
(approx. I4/min.) was taken for 60-80 min. at midday and 
the value obtained was subtracted from the average total 
count for each sample. A uranium standard planchcttc was 
counted daily at three different vollagas to determine 
plateau stability, together with a To standanl three times 
during the day.’ With Te no self-absorption correction was 
found to bo necc.ssnry with the layer thicknc.sscs used. 
Allowance was made for mdioactivo decay when c.alculating 
the weight of KjTeOa bound by the cells. 

The total error associated with the bacterial uptakes of 
radioactive Te was found to Im appro-ximatcly ±10%, 
composed of the counting error (±2%), the absorptiometer 
error of ±3% and the sampling error. 

RESULTS 

Non-rcmoval of from Escherichia coli bp 
washing with distilled water. Tlio amount of ’**To 
attached to tho organisms after incubation with 
radioactive KjToOj , but before tho organisms wore 
•washed, was calculated from tho differonco between 
radioactive assays of tho bacterial suspension of 
known bacterial concentration and tho supernatant 
solution after centrifuging. Tho supernatant solu- 
tion was discarded and tho bactoria resuspended to 
tho same concentration as initially. Tho suspension 
was then re-assayed, centrifuged, and- tho super- 
natant ro-ossayed. This was ropcatod sovoral times 
and tho uptakes were found to bo constant within 
experimental error. 

The effect of temperature variation. Tho uptake of 
KjToOj by Esch. coli was foimd to bo dependent 


upon the tomporaturo at •which tho reaction between 
the bacterial suspensions and K.ToOj occurred. 
Fig. 1 shows that tho uptake was maximal at about 
37 , falling off at higher or lower temperatures. 

The activity of the bacteria in suspensions at 
different pH, and in different buffers. Fig. 2 shows tho 
effect of variation of pH in the suspending medium 
on tho uptake of KoTeOj . 

The activity was maximal at pH 5-6 whether 
the sample was aerated beforehand or not, although 
_ _ aeration markedly increased tho uptake by the 

Phosphate buffer (0-03m) at the optimum pH (5-5) and organisms. A mixture of 0-03lr-acetato and 0-03 nr. 

pH 


temperature (37°) was employed, unless otherwise stated. 
Prehmmary experiments were made to ensure that the total 
amoimt of teUurite removed from the solution did not 
decrease Its concentration by more than 3%, which was 
regarded as an insignificant decrease as its effect was well 


phosphate buffers was employed to ensure uxx 
stability over the range 4-7-6-5. The use of 0-03 m- 
acetate, phosphate and succinate buffers gave 

uH "but^T the same uptake at the optimum 
pH, but citrate buffer lowered the uptake by about 
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75 %. Sodiiim citrate was also effective in prevent- 
ing the precipitation of TeOg from KjTeOg between 
pH 3 and 7 and it seems likely that a complex is 
formed between these salts. 



Fig. 1. Uptake of KjTeOg on Esch. coli after incubation for 
45 min. at different temperatures in O-OSsi-phosphate 
(pH 5-5) containing 40/xg./ml. KjTeOg. 



Fig. 2. Variation ofuptakeofEijTeOgOnFscA. coil with pH 
of the suspending medium. Organisms were incubated for 
45 min. at 37° in a mixture of O-OSM-phosphate and 
0-03 M-acetate containing 40 pg./ml. E^TeOg . O — O, one 
sample of bacteria aerated for 1 hr. at 18° before incuba- 
tion ; • — •, the residue allowed to stand in contact with 
air at 18° concurrently. 

In general, therefore, when experiments were 
performed at pH 5-5, 0-03M-phosphate buffer was 
employed as this seemed without effect on the up- 
take. 
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Other factors affecting the activity of the system 
responsible for tellurite assimilation. The exposure of 
the bacterial suspensions to low pH for 1 hr. at 37° 
before adjusting to pH 5-6 caused a considerable 
decrease in the power of the organisms to assimilate 
KjTeOg (Fig. 3). No loss of activity occurred at 



Fig. 3. Effect of pH on the stability of the system in Esdh. 
coli responsible for tellurite uptake. Organisms were sus- 
pended in a mixture of 0-03M-phosphate and 0'03 m- 
acetate for 1 hr. at 37°, centrifuged rapidly and re- 
suspended in warm 0'03M-phosphate at pH 5-5. KjTeOj 
was then added to 40 pg./ml. and the uptake was assayed 
after a further 45 min. at 37°. 

pH 6-7 and only about 10 % at the working pH of 
5-5. When the activity of the organisms was de- 
termined after different times of incubation at 
pH 5’5 there appeared to be a slight loss after 
several hours, but during the uptake period of 
45 min. usually employed the loss was negligible 
(Table 1). 

Table 1. Rate of inactivation at pH 5-5 of the system 
responsible for the uptake of KgTeOg by Esch. coli 

(KgTeOg was added to a concentration of 40/ig./ml. after 
varying times of incubation at pH 5-5, and the radio- 
activity on the bacteria was assayed after a further 45 mm- 


Time 

Uptake 

(hr.) 

(fig./mg.) 

0 

3-3 

1 

3-3 

2-25 

3-1 

3-5 

2-9 

4-75 

2-3 

22 

1-6 


As bacteria contain easily oxidizable substances 
which interfere with processes such as methylene- 
blue reduction (Quastel & Whetham, 1925) it 
seemed advisable to determine the effect of removal 
of these substances before the addition of KgTcOg , 
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si„J, this subst.no. is .iso .»iiiy roducod, Acoori- a vy io»- v.iu. .tior 22 hr. (Fie. 6). Tho rain of 

ingly, air ^as rapidly bubbled through the bactonnl uptake was much loss at 1 . 

suspensions for 1 hr. at room tomporaturo boforo 
commencing the experiment. In contrast with the 
effect on the rate at which methylene blue was 
reduced by bacteria, aeration was found to increase 
the teUurite uptake whilst treatment with jiitrogen 
decreased it in relation to a suspension loft in con- 
tact with air (Table 2). Treatment with nitrogen for 
1 hr. after aeration gave uptake values which wore 
identical with those of the aerated organisms. 


Table 2. Effect of aeration on the njitakc of KjTeOj 

(Portions of an Esch. coli suspension at pH 5-5 were 
simultaneously stood in air, bubbled with air and bubbled 
with Nj respectively for 1 hr. at room temperature. Half 
of the aerated sample was then bubbled with Nj for a 
further hour, KjTeOa was added to 40pg./ml. to all four 
samples and the uptake was measured after a further 
45 min. at 37° during which time the Nj treatment was 
continued.) 


Treatment 

Uptake 

(/ig.ymg.) 

Nj bubbled 

1-0 

Stood in air 

2-3 

Air bubbled 

2-8 

Air bubbled for 1 hr. 

2-7 


then N. for 1 hr. 

The effect of the inclusion of glucose in the growth 
medium on the ability of Esch. coli to assimilate 
tellurite. Glucose was at first included in the growth 
medium in order to increase the yield of Esch. coli, 
but it was found that the resultant organisms had a 
lowered capacity to take up KjTeOs • Fig. 4 shows 
that as little as 0-05 % glucose markedly inliibited 
the formation of the teUurite-absorbing system so 
that the uptake was lowered whether the organisms 
were aerated before incubation with K^TeOj or not. 
At this low glucose concentration the pH of the 
growth medium was scarcely altered after growth of 
the organisms so that the inhibition was not due to 
•decomposition caused by fermentation acids before 
harvesting. 

The further decrease in activity at higher glucose 
concentrations may be due to decomposition caused 
by acidity. 

The effect of variation of the bacterial concentration 
on the uptake. When K 2 Te 03 at 40 pg./ml. was in- 
cubated for 45 min. at 37° with varying concentra- 
tions of Esch. coli, the uptake per mg. dry weight 
was foimd to be independent of the bacterial con- 
centration, when this was less than 2 mg./ml. The 
uptake decreased at higher values, no doubt owing 
to the renioval of a significant fraction of the 
KjTeOa during uptake. 

Variation of uptake with time of contact with 
tellurite. The amount of K 2 Te 03 attached to Esch 
coll increased rapidly with time of incubation at 37° 
reachmg a maximum at 3-4 hr. and decreasing to 



Fig. 4. Eflcct of inclu.iion of gliico.se in the growth medium 
on the ability of Esch. col! to take up KjTcOj, after being 
washed free from the medium. Organisms were incubated 
at 37° for 45 min. in 0-03 M-pbospbatc (pH 5-5) containing 
40pg./ml. K.TeOa. Q — Q, bacterial growth in the 
medium after 1C hr. incubation; ■ — ■, pH after 
growth (initial value C'O); O — O, uptake after prior 
aeration for 1 hr. at 18°; • — •, uptake after standing 
for 1 hr. at 18° without aeration. 



Famimn of rate of uptake with concentratior 
tellurite. The amount of KjTeOj attached to E, 
0 % mcreased with the concentration of K„TeO 


in 
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solution in a manner shown in Fig. 6. 'Vl'Tien the 
reciprocal of the rate of uptake at 37° was plotted 
against the reciprocal of the tellurite concentration, 
following the procedure of Lineweaver & Burk 
(1934) for enzyme systems, a straight line resulted. 
Thus the relationship between the rate of uptake and 
the tellurite concentration was the same as that 
between the rate of an enzyme-catalysed reaction 
and its substrate concentration. The Michaelis con- 
stant (/£„) was calculated from this straight line by 
the method of Lineweaver & Biu?k. 



^ Substrate concn. (fig. KiTeOj/ml. buffer) 

0 002 004 006 008 01 

1 /substrate concn. 

Fig. 6. Variation of uptake of KjTeOa on Hsch. coli with 
tellurite concentration. Organisms were incubated at 
37° for 45 min. in O-OSM-phosphate buffer (pH 5-5) 
containing K^TeOs. heat-killed organisms un- 
aerated; H H, heat-ldlled organisms aerated for 1 hr.; 

O — O, live organisms aerated for 1 hr.; • — •, plot of 
reciprocal uptake against reciprocal tellurite concn. for 
the experiment using live organisms. 

Table 3 shows that such experimental values of 
the HEchaelis constant obtained varied between 
rather wide limits, but within these limits no 
difference ■was noticed whether the organisms were 
pre-viously (a) gro'wn in glucose, (b) rmaerated, (c) 
aerated or (d) aerated and subsequently bubbled 
•with nitrogen. Procedures (a) and (b) significantly 
decreased the activity of the organisms compared 
■with the procedures (c) and (d). 

The solubility of KgTeOs at pH 5-6 was too low to 
allow the to be derived by the alternative method 
of saturation of enzyme with substrate. 

Effect of heat treatment. Immersion of a suspension 
of Esch. coli in a boiling-water bath for 20 min.. 


1952 

followed by rapid cooling, altered the rate of uptake 
by the organisms (Fig. 5). A small amount of tellu- 
rite was taken up very rapidly, but after this no 
further uptake occm-red. The amoimt of tellurite 
absorbed was also much less dependent upon con- 
centration of the salt (Fig. 6), and the site of attach- 
ment appeared nearly saturated at quite low 
tellurite concentrations. Prior aeration had no 
effect. 

Table 3. Values for the Michaelis constant of the 
system responsible for KjTeOs uptake on Esch. coli 



Km 

(mil) 

A 


Aerated 

Unaerated 

Aerated and 
bubbled 

0-05%' 
Glucose 
added to 
the growth 
medium. 

organisms 

organisms 

with Ng 

aerated 

0-25 

0*23 

0*25 

0-39 

0-094 

0*67 

— 

0-16 

0-14 

— 

. — 

— 

0-14 

— 

— 

— 

0-47 

— 

— 

— 


DISCUSSION 

It has been shown above that potassium tellurite is 
rapidly assimilated by Esch. coli in amounts up to 
1 % of its dry weight and calculation shows that the 
concentration in the bacteria can reach 20 times the 
concentration in the medium. There is thus some 
mechanism allowing active transfer from the 
medium into the cells, and it appears very lilcely 
that this mechanism is associated ■with an enzyme 
or a group of enzymes. However, as Slater (1949) 
has pointed out, the fact that application of the 
Lineweaver & Burk equation gives a straight line is 
not conclusive evidence of an enzymic reaction, nor 
does this fact show whether or not an enzymic 
uptake has superimposed upon it an uptake of 
constant amoimt similar, for example, to that fixed 
by heat-killed organisms. 

If the organisms were first killed by heat the 
uptake was radically altered, being much lower and 
much less dependent on KjTeOg concentration, pH, 
time and temperature. The uptake" curves in this 
case suggest a rapid chemical combination with the 
bacteria which is completed at relatively low tellu- 
rite concentrations. 

The lowered activity when the organisms are 
gro^wn with glucose suggests that the formation of 
the enzyme is inhibited in a similar manner to that 
reported by Epps & Gale (1942) for the formation of 
several enzymes in Esch. coli including certain 
deaminases and dehydrogenases. In these cases, as 
with the tellurite absorbing system, only a small 
part of the inhibition was due to the low pH in the 
medium induced by glucose. 
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As passage of nitrogen through the suspensions 
does not increase activity, the increase caused bj' 
aeration is unliltely to he due to the removal of 
volatile inhibitors. The activation is thus pre- 
sumably due to the chemical action of oxygon and 
is not neutralized by the subsequent passage of 
nitrogen. 

It is interesting that this aeration of the sus- 
pension before addition of KjTeOj (a process em- 
ployed by Quastel & YTietham (1925) to remove 
reducing substances before addition of methylene 
blue in Tliimberg experiments) actually increased 
the rate of uptake of tellurite. The uptake of 
KjTeOj, which appears to involve a reduction to 
tellurium, may be similar to the reduction of 
methylene blue by bacteria observed in the absence 
of substrate in the Thimberg estimation. Both 
reactions use up hydrogen donors wliich are still 
present in the bacteria after washing and aeration, 
and one cause of the stimulation of tellurite uptake 
by oxygen may be due to the inhibition by this gas 
of alternative processes which utilize and remove 
the intracellular ‘H’ donors. This is similar to a 
suggestion made by Stephenson (1949) as an 
explanation of the Pasteur effect where j’east 
fermentation is repressed by oxygen in favour of 
complete oxidation of the substrates to carbon 
dioxide. 


SUiMMiUlY 

1 . By incorporating ‘“'To into potassium fcllu- 
rito (ICjToOj), tho amount of the salt absorbed by a 
buffered suspension of a tollurito-sonsitivo strain of 
EscJicrichia coli could bo calculated from a moasuro 
of tho radioactivity remaining on tho washed 
organisms. No radioactivity was lost by washing. 

2. Tho system rosponsiblo for tollurito iipf ako was 
imstablo at low pH but did not dotoriorato greatly 
over sovoral hovirs at pll 6 ' 5-7. 

3. Tho uptake of tollurito bj* tho organisms in- 
croasod witli time, and was most rapid at pH 5-5 
and 37°. Tho uptake hod tho properties of an 
enzyme action. 

4. Growth of Escli. colt in a medium containing 
0-05% glucose decroasod tho activity of tho 
organisms, while tho pH of tho medium was scarcely 
affected. 

5. Hooting to 100° for 20 min. dostroyod tho 
enzymic system. Tho low uptake then obtained 
corresponded to a rapid combination with tho colls 
which wore saturated at fairly low tellurite con- 
centrations. 

Sincere thanks are due to Dr D. Rowley for Ids helpful 
suggestions. One of us (P.D.C.) is indebted to tho Bni- 
versity of London for a grant for apparatus from tho Central 
Research Fund. 
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Antibiotic Peptides from Bacillus licheniformis. 
Licheniformins A, B and G 

By R. K. callow and T. S. WORK 
The National Institute for Medical Research, Mill Hill, London, K. W. 7 

(Received 10 October 1951) 


From the spore-forming aerobe Bacillus licheni- 
formis Weigmann emend. Gibson, grown on an 
ammonium and sodium lactate medium, an anti- 
biotic material, licheniformin, was prepared 
(Callow, Glover, Hart & Hills, 1947). It was ob- 
tained as the hydrochloride of basic material con- 
taining only carbon, hydrogen and nitrogen. It had 
bacteriostatic activity in vitro against munerous 
organisms, notably Mycobacterium tuberculosis, and 
protective effects against infections, including 
tuberculous infection, in mice. It was, however, 
toxic, causing damage to the kidneys after prolonged 
administration . 

Further purification and chemical investigation 
was of importance from the practical point of view, 
to see whether the toxicity was inherent or could be 
separated from the antibiotic activity by fraction- 
ation. From the theoretical point of view, the con- 
stitution of a substance able to suppress experi- 
mental tuberculous infection was of the greatest 
interest. The crude active material for long resisted 
attempts at fractionation, but this was at 'last 
accomplished after it was found that separation 
into components could be effected by paper 
chromatography. This separation was used as a 
guide in devising a suitable scheme of coimter- 
cmrent fractionation on a preparative scale. 

The separation of three components, designated 
licheniformins A, B and C, is now described. They 
have proved to be peptides of very similar mole- 
cular weights and amino -acid composition, aU 
having both antibacterial activity and toxicity, 
though to somewhat varying degrees. 

Taken in conjunction with results obtained at the 
same time at two other centres of research, the 
Microbiological Research Department, Porton, and 
the Sir William Dunn Institute of Pathology, 
University of Oxford, the present results show that 
a single species of bacterium can produce at least 
six antibiotic polypeptides, one set of three, the 
licheniformins, on a medimn with lactate and a 
high nitrogen/carbon ratio, and another set of three, 
the bacitracins, on a medium with glucose and a 
low nitrogen/carbon ratio. The late G. M. Hills 
collaborated not only with oruselves but also with 
the Oxford laboratories in devising suitable media 
for bulk production of antibiotic peptides from B. 


licheniformis and recognized the decisive influence 
of the medium on the type of antibiotic produced 
(Callow et al. 1947; Hart & HiUs, 1947; Belton, 
Hills & Powell, 1949; Hills, Belton & Blatchley, 
1949; Arriagada, Savage, Abraham, Heatley & 
Sharp, 1949). 

EXPERIMENTAL 

IMateriads and general methods 

Organisms and culture conditions 

We are indebted to the Jlicrobiological Research Depart- 
ment, Porton, for culture fluids from the original strains of 
B. licheniformis. National Collection of Type Cultures 
(N.C.T.C.) no. 7072, and from the Oxford ‘A6’, and to 
Boots Pure Drug Co. Ltd. for culture fluids from N.C.T.C. 
nos. 5399 and 6816, and from ‘Plate 2C’, another strain 
isolated by Dr P. D’Arcy Hart, Culture was on the medium 
previously described, or modifications of this (Callow et al. 
1947; Hart & HiUs, 1947; Belton et al. 1949). 

Extraction of licheniformin 

The processing of early batches was carried out as 
described previously (Callow et al. 1947). Later, however, 
after experiments with different adsorbents, it was found 
that Decalso F (Permutit Co. Ltd., London), a sodium 
aluminosilicate, acted as an adsorbent of high capacity 
from which licheniformin was readily eluted by NaCl 
solution. The procedure described below is more rapid and 
convenient than the active-charcoal process. 

The supernatant from the autoclaved and centrifuged 
culture was brought to pH 5-6 and further clarified, if 
necessary, by filtration through a layer of Hyflo Supercel 
(Johns-Manville Co. Ltd., London) and then run on to a dry 
column containing 6 g. of Decalso F for each litre of liquid. 
A convenient column was provided by an inverted Wm- 
chester-quart bottle with the bottom removed and a bung 
and tap fitted in the neck. Fluid was fed from a large 
aspirator bottle, closed at the top and with a wide-bore tap 
and bent delivery tube from the lower tubulure dipping into 
the liquid above the column, so forming a constant-level 
device. The rate of flow was O'3-l-O l./hr. When the fluid 
level finally fell to the level of the top of the adsorbent 10% 
(w/v) NaCl solution was run on as eluent. The rate of flow 
was decreased to about 2 drops/sec. and the efiluent was 
tested at intervals by adding 1 drop to 0-5 ml. of satmate 
aqueous solution of picric acid. When a defimte precipitate 
was formed, collection of the eluate was begun and con- 
tinued until the picric acid test became very weak. Abou 
50 ml. of 10 % NaCl was sufficient to elute the licheniformin 



559 


Vol. 51 


LICHENIFOmUNS A, B AND 0 


present in 11. of culture fluid of normnl. potency (600- 
1000 units/ml.). A slight excess of picric acid sohition was 
added to the eluate, the precipitate was allowed to settle and 
collected on a sintered-glass filter (porosity 3). The picrato 
was decomposed on the filter hy grinding with cone. HCl, the 
solution sucked through and run into a large excess of dry 
acetone with stirring. Crude lioheniformin hydrochloride 
was precipitated. It was collected and dried in vacuo and 
further purified by solution in methanol (4 ml./g.), filtra- 
tion, and reprecipitation bj' pouring into 25 vol. of acetone. 
The usual yield was 40-50 mg. of material with an activity 
of between 5 and 10 x 10® units/g. from 1 1. of culture fluid. 
With the rather inaccurate bio-assay method used, no 
significant loss of activity was detected during isolation. 

Paper chromatography 

Amino-acid separations were carried out as described hy 
Dent (1948). The special solvent mixture for separation of 
lioheniformin is described below. 

Antibacterial activity 

This was estimated by the serial dilution method pre- 
viously described (Callow et al. 1947) using Mycobacterium 
phlei as the test organism. We are indebted to Dr P. D’Arcy 
Hart for the numerous assays made in the course of this 
work. 


Separation of lichentformins 

Counter-current distribution between 
immiscible solvents 

of fractionation described by Bush & Densen 
(1948) was used. In this n funnels, with final complete 
separation of the phases, yield 2?! fractions. The system may 
of Wo£3^“"^ of a diagram showing the use 


Solute 




167960pWgB, 3527l’6piyo ^ 

352716pW2i2^1g7ggQ > ™5432i)i2yii, 70543; 

m5Y,.=. leJjv-XwSSC'S’ 


selected values of p and q a family of emwes was drawn. By 
comparison of cxpcriincntal graphs of weights of fractions 
against number in the series 1-24 it was then possible to 
estimate roughly the relative amounts and partition co- 
cfiicicnts of major components of mixtures, by comparison 
of the heights and positions of the experimental maxima 
with the theoretical curves. The goodness of fit of a theo- 
retical curve to the experimental cun-e for what appeared to 
bo n single substance enabled one to judge its homogeneity 
with respect to partition coofiicient. Bush it Densen also 
give an expression for the optimal proportions of upper and 
lower layers for separation of substances of knoini different 
partition coefficients. Thus, application of the procedure to 
separations on a preparative scale was simple over a range of 
partition coefficients, with appropriate alteration of the 
relative volumes of the two layers. At first ordinary 
separating funnels were used; later an automatic all-glass 
separating apparatus, as described by Craig & Post (1949), 
was constructed. This had 12 tubes each with a capacity of 
92 ml. for the lower layer, and a maximum capacity of about 
the same for the top layer. 


^ y 

^ A largo number of solvent mixtures were tried on one- 
dimensional paper partition chromatograms with descend- 
ing flow. The only one effective in fractionating crude 
hchcniformm was a mixture of collidine, lutidino and 
aqueous 2N.ammonia (1:1:2 by vol.). After vigorous 
shaking and separation, the upper phase was used in the 
trough and the lower used to saturate the atmosphere of the 
tank in which the chromatograms were run. Whatman no, 4 
paper was used throughout. Spots were detected with nin- 
hydM spray in the way usual for amino-ncids. 

The procedure described below demonstrated the presence 
of three chromatographicaUy distinct antibiotic com- 
ponents. 

Lioheniformin hydrochloride (1 mg.) was dissolved in 

^a sheet of paper (length 60 cm.). The paper was irrigated 

SchS'tWnd Bolvcnt 

Jied.washedthoroughlywith\^^^^^ 

2iyd • 

SSCSriiT '°T? n 

pencil on the untreated strins ‘P°®‘Lye spots marked in 

nowlaidonthes^rcroftwJarL 

irhioh had been we^Lsltr (30 x20cm.) 

buted inoculum of Ifrhenifomrn^ distri- 

fooocc^ aureus (Micrococcus pweVr 
^ycobact. phlei (cf (innc1r.n jt - “"'■«««) or 
left at 0” for about 12 hr and 

(Staph, aureus) or 2 Art hf \ " ““'stated at 37“ for 6 hr. 
time the paper was stripL/fr 

type of result which was obtaiiw 

three clear zones on earal jatf 

coloured zones on the papers ““""efponded with three 
three antibiotics separated bv^V^®^ ninhydrin. The 
heheniformins A, Tand C^n "^med 

■values. ^ order of increasing 
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Unsuccessful attempts at fractionation 

With paper-chromatographic analysis as a guide, various 
methods of larger-scale fractionation were tried. Fractional 
precipitation from aqueous solution by (104)2804 or by 
methyl orange did not result in any separation. Activity 
was adsorbed by acid-washed alumina from methanolic 
solution, and material could then be eluted by aqueous 
methanol of increasing water content, hut paper chromato- 



Agar plate Ninhydrin 
Growth colour 
inhibition 


Fig, 1. Separation of three antibiotics by paper chromato- 
graphy of crude licheniformin (for method see text). 
Zones of inhibition of bacterial growth are indicated by 
unshaded ovals. Zones coloured after spraying with 
• ninhydrin are hatched. 


graphy of the eluates showed that separation was far from 
complete. Elution of licheniformin adsorbed on Decalso F 
by dilute NaCl also gave only partial separation. Chromato- 
graphy on a starch column in a mixture of collidine, lutidine 
and ammonia gave no evidence of fractionation. lono- 
phoresis in silica jelly (Consden, Gordon & Martin, 1946) 
promised interesting results, for under certain conditions 
three opalescent bands moved towards the cathode. It was, 
however, impossible completely to separate these bands, 
which tailed and became diffuse as they travelled, and little 
antibiotic activity could be recovered. 


Application of counter-current distribution 

Several solvent systems were tried for the fractionation 
method outlined above. Licheniformin, as the hydro- 
chloride, is stable but extremely soluble in water, and in- 
soluble in the common organic solvents. Alkali metal 
hydroxides decompose licheniformin, but decomposition 
was not rapid in Sorensen borate-NaOH buffer at pH 12-38, 
and 7i-hutanol extracted some activity from such a solution. 
7i-Butanol and S-Sn-NHj solution, sec.-butanol and 4-25 n- 
NHj solution and 7i-butanol, water, and piperidine (2 : 2 : 1 by 
vol.) all gave two liquid phases with licheniformin in each 
and were potentially useful for fractionation by partition. 
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but they were impleasant. Ultimately it was ‘found that, 
in a mixture of phenol. and water, a specimen of crude 
licheniformin had a partition coefficient (K) of 2-27 (ratio of 
concn. in upper water layer to concn. in lower layer) ; emulsi- 
fication was largely prevented by addition of a httle HCl. 
This system was used successfully. 

The phenol-water mixture was prepared by melting 
the phenol (‘detached crystals’) and adding the appro- 
priate amount of warm water. HCl (5 drops, about 
0-25 ml., of 12 n/ 1.) was added, and the mixture equilibrated 
at room temperature. The crude licheniformin hydro- 
chloride was dissolved in upper layer and the solution made 



(Upper layers) Fraction number (Lower layers) 

Fig. 2. Counter-current fractionation diagram for crude 
Ucheniformin hydrochloride partitioned between water 
(containing HCl) and phenol (for quantities see text). 
^ indicates material selected for refractionation to 
separate licheniformin B. The contents of each tube were 
also analysed by paper chromatography and the quali- 
tative composition of the product is indicated diagram- 
matically above the curve. 

up to the required volume and then added to the funnel 
containing lower layer; this constituted the ‘first funnel ’ of 
the coimter-current extraction. The final fractions were 12 
water-rich upper layers and 12 phenol-rich lower layers. 
Recovery of material from these was at first done by way of 
the picrates, but this step was mmecessary and the following 
procedure was adopted, e.g. with 25 ml. upper layer and 
75 ml. lower layer. Phenol was extracted from the upper 
layer with 80 ml. ether which was back-extracted with 
2 X 20 ml. water. The combined water extracts were evapor- 
ated to dryness under reduced pressure; the residue was 
taken up in a little methanol and the solution poured into 
excess of acetone. The precipitated material was collected 
by centrifugation in a weighed 15 ml. tube, dned, and 
weighed. The lower layer was diluted with 20 ml. water and 
extracted with 200 ml. ether, which was back-extracted 

with2 X 20ml. water. Thecombined water extractswere then 

evaporated and material precipitated as before. Recovery 
was usually about 90% of the initial weight. Direct pre- 
cipitation by pouring the layers into acetone was possib e, 
but used much acetone. 
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The weighed fractions were examined by paper chromato- 
graphy and a combined diagram could then bo constructed 
in which weights and paper-chromatographic analyses rycro 
plotted against fraction numbers, as in Pig. 2, which gives 
results obtained noth 2-14 g. of crude licheniformin hydro- 
chloride prepared by the Decalso process from N.C.i.U 
no. 5399 and partitioned between 12-5 ml. upper and 
37-6 ml. lower layers (abbreviated ns water/PhOH =1/3). 

The next step in the isolation of one of the constituents 
was to select fractions which were chromatographioally 
homogeneous, or nearly so, with respect to the desired 
constituent. These were united and again submitted to 
counter-current fractionation. In doing this the ratio of 




ig. 4. tJountcr-current iracuonniion aiagram lor cruuo 
licheniformin C hydrochloride partitioned between water 
(containing HCl) and phenol. ^ indicates material 
selected for rcfrnctionation. The qualitative compositions 
of the fractions (paper chromatography) arc indicated 
diagrammatically above the curve. 


(Upper layers) Fraction number (Lower layers) 

Pig. 3. (o) Counter-current fractionation diagram for 
partially purified licheniformin B hydrochloride parti- 
tioned between water (containing HCl) and phenol. The 
theoretical curve for K = 1-33, p =0-64 with upper layer/ 
lower layer =4/3 is shown as a thick line (6). The quali- 
tative compositions (paper chromatography) of the 
fractions are indicated ^agrammatically above the curves. 
Curve c was obtained after two further counter-current 
fractionations of material represented by curve a (for 
details see text). 

upper and lower layers was altered so that the separation of 
the desired constituent from an adjacent one was more com- 
plete, e.g. alteration of the ratio water/PhOH to 1/0-75 
brought constituent B into the upper layers with a maxi- 
mum weight in fraction 18 and C was largely confined to the 
phenol layers. This is iUustrated by curve a in Pig. 3, giving 
the results of taking fractions 4r-ll, wt. 0-92 g., from the 
previously illustrated fractionation (Fig. 2) and partitiomng 
between 40 ml. upper and 30 ml. lower layer. A theoretical 
Biochem. 1952, 51 



14 11 70 18 16 14 12 10 • 8 6 4 2' 

13 11 19 17 15 13 11 9 7 5 3 i 

(Upper layers) Fraction number (Lower layers) 

Pig. 5. Counter-current fractionation diagram for licheni- 
formm C hydrochloride (o) partitioned between water 
(conta,^g HCl) and phenol. A theoretical distribution 

curve(b)forP:=0-43,p=:0-3,i8also8hown.Thequalitative 

rompositions of the fractions are indicated diagram- 
matically above the curves. ° 
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curve, b, calculated on the assumption that Z' = l-33, is 
shown for comparison. 

Generally, the procedure adopted was to select fractions 
rich in B from a number of different fractionations, unite 
them, fractionate with a ratio water /PhOH = 1/3 to remove 
the more water-soluble constituents, including A, to the 
upper layers, and then to unite the new fractions rich in B 
and conclude with a fractionation with a ratio water/ 
PhOH =4/3. The end result of one such fractionation is 
shown in curve c of Fig. 3. 



24 22 20 18 16 14 12 10 8 6 4 2 

23 21 19 17 15 13 11 9 7 5 3 1 

(Upper layers) Fraction number (Lower layers) 

Fig. 6. Counter- current fractionation diagrams for two 
concentrates of licheniformin A hydrochloride par- 
titioned between water (containing HCl) and phenol. 
A theoretical distribution curve for A = 3-0, p = 0-6 is also 
drawn (heavy hne). The qualitative composition of the 
fractions (paper chromatography) is indicated diagram- 
maticaUy above the curves. 

Constituent O was isolated from a collection of C-rich 
fractions (wt. 3-8 g.) from various sources which, fraction- 
ated with a ratio water/PhOH = 1/0-5, gave the curve in 
Fig. 4. Fractions 6-12 from this (wt. 1-4 g.) were re-united 
and refractionated with a ratio water/PhOH = 1/1 with the 
result shown in Fig. 5, curve a. A theoretical curve b for 
£=0-43 has been drawn for comparison. 

The same principles were apphed to the separation of the 
constituent A. There was other material, Ag , more soluble in 
water, and remaining at or very near to the origin of the 
paper chromatograms, from which A had to be separated. 
Aq was a brownish, deliquescent material and there was no 
evidence of segregation into a fraction of uniform partition 
coefficient. The counter-ciurent fractionation diagrams of 
two concentrates of constituent A are shown in curves o 
and b of Fig. 6, together with a theoretical curve for material 
of A" =3-0. 


Licheniformin mixtures from different sources 

By comparison of the counter-current fractionation 
diagrams of crude licheniformin from the five different 
strains of B. licTieniformis worked up by active charcoal or 
Decalso, no evidence was obtained that there was any con- 
siderable difference in the proportions of the three main con- 
stituents. Charcoal preparations contained less A and B and 
more material highly soluble in phenol in comparison with 
Decalso preparations. Another constituent appeared on one 
occasion. In fractions 4-9 of a counter-cmrent distribution 
at water/PhOH = 1/3 of a crude product from A5, there was 
a constituent which moved slowly (at about the same rate as 
a) on a paper chromatogram. The amount of material 
available was not enough to encourage any attempt at 
isolation. 

Some light was thrown on the composition of the material, 
often considerable in amount, at the extreme phenol- 
soluble end of the counter-current fractions by an experi- 
ment in which part of a lot of crude licheniformin was treated 
in 1 % solution at pH 8-8-5 for 67 hr. at 37° with an equal 
weight of trypsin. The antibacterial potency was un- 
affected, and the only significant change in the counter- 
current diagram was a diminution of fraction 1 from 14% 
in the untreated material to 10% in the digested material. 
No effect on licheniformins A, B, or C was detectable. 

Physical ajnd chemical pbopebties of 
LICHEN irOBMINS A, B AND C 

Physical properties 

All three constituents in the form of hydrochlorides were 
white, amorphous, slightly hygroscopic powders, melting 
with decomposition at indefinite temperatures. Bach 
behaved as a single substance w-hen analysed by paper 
chromatography using the collidine/lutidine/ammoma 
solvent mixture. 

Optical rotation. Crude mixtures had [a];, - 36° to - 37-5 
and [ix]54bi- 42° to -47° (c, 1) in water. Purified licheni- 
formin A hydrochloride had -37-4°; MI 451 -45-2° in 
water (c, 0-19 ; 2 dm.). Licheniformin B hydrochloride had 

[a]2''-37-7°; [cc] - 48-2° in water (c, 0-84; /, 4 dm.). 
Licheniformin C hydrochloride had [a] -36-8°; WgV" 

44-9° in water (c, 1-18; I, 4 dm.). 

Absorption spectra. The ultraviolet absorption spectra, 
measured on a Beckman spectrophotometer in aqueous 
solution, showed a rapidly increasing general absoiption at 
decreasing wavelength below 2500 A. Bands corresponding 
to phenylalanine or inflexions in this region were observed 
with preparations of aU three constituents, most clearly with 
licheniformin B, least clearly with licheniformin C, which had 
the higher general absorption. Selected curves are given m 
Fig. 7. No firm conclusions could be based on these ab- 
sorption spectra, for, apart from generally absorbing im- 
purities, there was some evidence in one fractionation 0 
a material -with a partition coefficient between those 0 
licheniformins B and C and not visible on paper chromato- 
grams and which had an intense band at 2480 A. 

Molecular iceight. We are indebted to Dr A. G. Ogston or 
determinations of molecular weights from sedimentation 
constants on the ultracentrifuge and diffusion conston - 
The values obtained were as follows: licheniformin i 
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lichenifor^hns a, b and c 
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liohenifonnin C, 4800. 


4400: lioheniformin, B, 3800; . „ . 

SSdl details are given in an Addendum to this pap 

(Addendum II). 



Wavelength (A.) 

Fig. 7. Ultraviolet absorption spectra of licheniformins A, 
B and C and of phenylalanine (broken line). A and B 
■were 0-2% (w/v) of hydrochloride in water, C was 0'1% 
(w|v) hydrochloride in water, and phenylalanine was 
0-05% (w/v) in water. 


Elementary analysis 

The figures below are for material dried over PjOj 
3-6 days. 


for 





N 



C 

H 

(Dumas) 

Cl 

Licheniformin 

(%) 

(%) 

(%) 

{%) 

A 

44-4 

7-0 

18-1 

11-9 

B{i) 

44-7 

7-2 

18-4 

10-4 

B(u) 

46-2 

7-1 

17-7 

11-3 

C(i) 

47-5 

8-1 

17-8 

11-5 

C(u) 

48-0 

7-1 

17-1, 16- 

4 — 

C(iu) 

47-6 

7-7 

18-1 



C (iv) 

45-2 

7-0 

17-0 

10-5 

(Analyses by 

Weiler & 

Strauss, 

Oxford, 

and by 


Qualitative observation of peptide constitution 

All three materials on acid hydrolysis gave amino-acids, 
evidently derived from an original peptide molecule! 
A sample of each antibiotic (250 pg.) was hydrolysed for 
18 hr. with 6 n-HC 1 at 105° in a sealed tube and after re- 
moval of acid the product was in each case analysed by two- 
dimensional paper partition chromatography. Licheni- 
formins A and B gave chromatograms which indicated the 
presence of aspartic acid, serine, glycine, arginine, lysine 
proline, valine and phenylalanine. Lioheniformin C gave n! 
addition a spot which was indistinguishable from elutamio 
acid. 


Quantitative estimation of amino-acids in 
licheniformin: chemical method 

Serine, glycine, proline, arginine and aspartic acid wore 
estimated colorimctricaUy as their dinitrophenyl den vativ cs. 

A sample (40-3 mg.) of lioheniformin A hydrochlondo 
previously dried to constant weight at 100° was hydrolysed 
for 16 hr. in a sealed evacuated tube with excess ON-llU at 
105®. The acid ^*as removed and the residue dissolved in 
water and diluted to 4 ml. A sample of this solution (1-5 ml.) 
was allowed to react with an excess of fluorodinitrobcnzeno 
(FDNB) (0-16 ml.) in aqueous methanolio bicarbonate 
(6 ml. 6% (w/v) NaHCOj, 6 ml. metbanol) (Sanger, 1915) 
for 90 min. and the solution then aeidified (10 ml. 3x-HCl). 

From tills point until all estimations were complete, 
operations were conducted entirely in a dimly lit room so 
as to avoid photodecomposition. The acid solution was 
extracted five times with 20 ml, pcro.xidc-frco ether, each 
extract being washed with 3 ml. water and tho wasliings 
returned to the aqueous phase. Ether was removed from the 
aqueous phase under reduced pressure and tho volume then 
adjusted to 50 ml. and 60 ml. of x-HCl added. Colour 
intensity was measured at once in a Hilger Spekker ab- 
sorptiometcr using a 1 cm. cell, tungsten lamp, violet filter 
(601) and heat filter (H 603). Tho amount of dinitropbcnyl- 
(DNF-) arginine was determined by refereneo to a standard 
curve. Tho results are given in Table 1. Licheniformin B 
was treated in the same way. Tho combined ether extracts 
from the arginine determination were concentrated and the 
residue dried in a desiccator over KOH. 

Use of Celite columns. Separation of tho DNP-amino- 
acids was conducted on buficred Celite columns (Perrono, 
1951). The Celite (Johns-Manvillo Co., London, S.W. 1), 
grade 646 (25 g.), was mixed with buffer (16 ml.) and per- 
oxide-free wet ether (100 ml.) and stirred -with a high-speed 
mechanical stirrer for 30 min. Tho suspension was poured 
into a suitable glass tube and tho Cebte packed with the 
packing tool described by Howard & Martin (1950). Tho 
diameter of the glass tube was chosen to give a final column 
about 15 cm. high. It was possible to separate from a single 
sample of 1-5 ml. of hydrolysed licheniformin hydrocliloride 
(lOmg./ml.) the pure DNP derivatives of aspartic acid, 
serine, glycine, proline, valine and phenylalanine, but to do 
so it was necessary to use four successive columns of differing 
pH and the losses thus became serious. For quantitative 
estimation it was found that reproducible results could not 
be obtained unless the estimation of any one amino-acid was 
completed on a single column and -within the compass of a 
^ single working day. The amino-acid which was being 
estimated was required to form a -n’ell defined band, separ- 
ated from any other band, and the method of collection of the 
effluent was standardized both in this procedure and in the 
preparation of reference curves. When the band was 1 cm. 
from the bottom of the column the receiver was replaced by 
a measuring cylinder and when the trailing edge of the band 
left the column the volume of solvent in the cylinder was 
noted and a further 15 ml. of solvent collected before the 
receiver was changed. The solvent was evaporated as 
possible in vacuo, the residue was dissolved in 1 % 
HaHGOj, the volume adjusted to 100 ml., and the coIom 
mtensity measured at once in an absorptiometer. Bv ob- 
se^g these precautions the variation between successive 
tampons of the same amino-acid was never greater 


30-2 . 
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Aspartic acid and serine. The Celite column was prepared 
in ether using buifer A of Blackburn (1949) and the ether 
then displaced by washed CHClj. The ether-soluble DNP- 
amino-acids from 1'5 ml. of licheniformin solution (10 mg. 
licheniformin HCl/ml.) were dissolved in the minimum 
volume of washed GHCI3 and transferred to the column. 
The column was developed with CHCI3 until the two slow 
bands (aspartic acid and serine) were well separated; the 
fast bands were discarded. In order to speed development 
the CHCI3 was replaced by CHCls-butanol (99:1, v/v) and 
this solvent by CHCl3-butanol (98:2, v/v). The serine band 
was collected first and the aspartic band then pushed 
through with CHCi3-butanol (95:5, v/v). Estimations were 
made as described above. The results are given in Table 1. 

Table 1. Amino -acids in licheniformins 
A and B 

(Arginine, glycine, serine, proline and aspartic acid were 
estimated colorimetrically after conversion to their DNP 
derivatives and separation of the mixture on Celite. 
Phenylalanine, valine and lysine were estimated micro- 
biologicaUy.) 



Amino-acid 
(mg./lOO mg. 
licheniformin) 

A 

N as % total N 
licheniformin 

K 


r 

A 

B 

f 

A 

B 

Aspartic acid 

2-2 

2-2 

1-28 

1-26 

Glycine 

11-9 

11-8 

12-3 

11-9 

Serine 

6-5 

6-9 

4-8 

5-0 

Proline 

5-5 

5-5 

3-7 

3-6 

Arginine 

21-0 

21-0 

37-3 

36-6 

Phenylalanine 

8-3 

9-0 

3-9 

4-2 

Valine 

4-8 

5-5 

3-2 

3-6 

Lysine 

36-6 

38-6 

38-6 

40-0 

Total 

— 

— 

105-08 

106-16 


Glycine and proline. The procedure was the same as that 
used for aspartic acid and serine except that ether was used 
as solvent and the column was buffered with a mixtime of 
0-5M-KH2P04 (975 ml.) and 0-5M-Na2HPO4 (25 ml.). The 
fast bands (iJ->l) were discarded and the next two bands 
(proline and glycine) collected. The results are given in 
Table 1. 

Valine, lysine and phenylalanine. No column could be 
devised which would separate these three amino-acids as 
their DNP derivatives in a manner which eliminated aU 
danger of error from overlapping bands and we accordingly 
abandoned the method in favour of microbiological 
assay. 

Synthetic mixture. A mixture of glycine (25 mg.), serine 
(25 mg.), valine (25 mg.), phenylalanine (25 mg.), aspartic 
acid (25 mg.), arginine (75 mg.), and lysine (150 mg. mono- 
hydrochloride, 2H2O) in water was diluted to 15 ml. and 
samples of 0-5, 1 and 2 ml. used for preparation of the DNP 
derivatives. Three successive determinations were made of 
colour intensity for arginine, aspartie acid, serine, glycine 
and proline at each of these levels, the procedure outlined 
above being followed in each case. The results were highly 
reproducible, e.g. scale reading on absorptiometer: 0-475, 
0-475, 0-485 for DNP-arginine from 2 ml. solution, and 0-25, 
0-27, 0-26 for DNP-arginine from 1 ml. solution; 0-56, 0-58, 
0-57 for proline from 2 ml. solution, and 0-38, 0-38, 0-39 for 
proline from 1 ml. solution. 


Quantitative amino-acid analyses : 
microbiological methods (Miss K. R. de Bouk) 

An account of these is given in an Addendum to this 
paper (p. 567). 

"D- Amino -acids in licheniformiris A and B 

A preparation of D-amino-acid oxidase was made from 
sheep kidney by the method of Negelein & Bromel (1939). 
Purification was carried only to the stage of the first 
(NHijjSOj precipitation. Samples of the peptides were 



Time (min.) 


Fig. 8. O.xygen uptake (in /J. at 37°) during oxidation of 
hydrolysed licheiuformin by D-amino-acid oxidase (for 
conditions see text). Curve 1, no substrate; curve 2, l- 
phenylalanine; curve 3, D-phenylalanine; curve 4, 
hydrolysed horse serum globulin; curve 5, hydrolysed 
casein; curve 6, ficheniformin A; curve 7, licheniformin B. 

hydrolysed for 8 and 16 hr. at 100° in 6 n-HC 1 in sealed, 
evacuated tubes. As controls, samples of casein and horse 
serum globulin were hydrolysed in the same way. The acid 
was removed from each sample by leaving in a desiccator 
over KOH for several days and the residue dissolved in 
water. The pH was adjusted to 8-0 by addition of 6% 
NaHC03 and the solution diluted to a concentration 
equivalent to 10 mg. peptide or protein/ml. The amoimt of 
D-amino-acid in each preparation was estimated by following 
O2 uptake in Warburg manometers. Each flask contained 
0-5 ml. hydrolysed peptide, 1-8 ml. sodium pyrophosphate 
buffer (pH 8-3, 0-067 m) and, in the centre cup, 0-2 ml. KOH 
(20%, w/v). The side arm of each Warburg flask contained 
0-2 ml. enzyme. As controls three flasks were prepared, one 
with no substrate, one with D-phenylalanine (0-5 mbs 
2-5 mg. amino-acid) and one with L-phenylalanine (0-6 ml. = 
2-5 mg. amino-acid). The result of a typical experiment is 
shown in Fig. 8. 

Three successive runs were performed on separate samples 
of each peptide hydrolysed for 8 hr. and one on each peptide 
hydrolysed for 16 hr. The results were the same within the 
limits of error of the method. The two proteins hydrolysed 
for 8 hr. and for 16 hr. showed a slightly greater O2 uptake 
than the control or the L-phenylalanine (10 pi. in 360 min.). 
After subtraction of the eontrol value the corrected O2- 
uptake figures for licheniformin A were 40, 37, 35, and 
45 pi. O2/5 mg. peptide hydrochloride, and for licheniformin 
B 45, 39, 35, and 45 pi. O^jbmg. peptide hydrochloride. 
These figures indicate that each peptide contained the same 
proportion of amino-acid in the d form. In the hope that the 



y^j gj lichenieqrms a, b and c 

D-amino-acid could be identified, the material from each 
Warburg flask rras freed from enzyme (heat coagulation) an 
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a portion -was used for two-dimensional paper_ partition 
chromatography. Both peptides had initially given eight 
different amino-acids on hydrolysis and the same eight 
amino-acids were still present after oxidation with D-ammo- 
acid oxidase. The conclusion is that in each peptide at least 
one species of amino-acid is present in both optical forms. 

End amino groups in licheniformins A and B 

The method of Sanger (1945) for the estimation of end 
groups using fluorodinitrobenzene was applied to each of the 
peptides. Each peptide (25 mg.) was treated with EDNB in 
the usual way and, after hydrolysis for 24 hr. at 105° with 
IOn-HCI (sealed tube), the product was separated into a 
water-soluble and an ethyl acetate-soluble fraction. The 
ethyl acetate-soluble fraction was passed through a column 
of silica gel and the very faint yellow band collected. 
Measurement of the colour intensity of this band in each case 
showed that it represented less than 6% of the theoretical 
value required for one end group. A sample of each BlffP- 
peptide was also hydrolysed for 6 hr. with 6 n-SC 1, but no 
end group was found. Confirmation that both peptides had 
failed to react with EDNB was obtained by paper chro- 
matography of the water-soluble fraction from the acid 
hydrolysis. This fraction contained e-dinitrophenyllysine, 
and in addition, all the other amino-acids present in a simple 
acid hydrolysate of the peptide. The DNP-lysine was put on 
a column of silica with methyl ethyl ketone-ether (Sanger, 
1945) as solvent. A single band indistinguishable from 
synthetic c-DNP-lysine was obtained. 

Biological tests 


Table 2, Chronic toxicity for mice of licheniformins 
A, B and G, compared luith standard prepara ion 
and with bacitracin 

(Licheniforrain A hydrochloride 5 mg./ml.. licheniformm 
B hydrochloride 5 mg./mh, licheniformm C hydrochloride 
7 mg./ml., bacitracin* 5 rag./ml., licheniformm standard 
(S 785) 5 mg./ml. Dose schedule 0’2 ml. morning, 0-4 m . 
evening, and 0-4 ml. Saturday for 14 days (no dose given on 
Sundays). Each test made on three animals. The degree ot 
kidney damage is indieated; +, slight; -t -f + + . severe.) 

Liclieniformin Ckmtrol 

(saline) 


Antibacterial activity. The three antibiotics were tested in 
vitro against Mycohact. phlei and the greatest dilution 
capable of inhibiting surface growth in Hartley digest broth 
was recorded. Licheniformin A (hydrochloride) inhibited 
at 1 in 5 X 10®; licheniformin B at 1 in 10 x 10®; and licheni- 
formin C at 1 in 0-32 x 10®. The figures quoted are averages 
for three successive tests. 

Chronic toxicity (mouse). Table 2 shows the results of 
chronic toxicity testa for which we are indebted to Dr Janet 
Niven. The antibiotics were made up in sterile saline at about 
5 mg./ml. and injected subcutaneously in mice. A sample of 
unfractionated licheniformin corresponding in properties 
with the licheniformin hydrochloride used in previous 
toxicity tests (Callow et al. 1947) was used for comparison 
and a sample of bacitracin was also tested. The assessment of 
kidney damage is subjective, but was always made by the 
same person and indicates the degree of micro-anatomical 
alteration in the kidneys of the experimental animals. 
Mouse protection lest against tuberculous infection. As 
licheniformin A was found by the chronic toxicity test to be 
much less toxic than B or C, it was tested further for its 
ability to control tuberculous infection in mice. The tests 
were made by the procedure outlined in an earlier paper 
(Callow et al. 1947) and streptomycin was simultaneously 
tested as a control. We are indebted to Dr P. D’Arcy Hart 
and Dr R. J. W. Rees for carrying out the tests. Licheni- 
formin A was tested at two dose levels, 3 mg./day and 6 mg./ 
day. The lower dose caused no obvious toxic symptoms but 
failed to control the infection; the higher dose controlled the 
infection to a lesser degree than streptomycin at the level of 
0-3 mg./day and caused some kidney damage. 


1 

A 

X 

B 

c 

Bacitracin 

S785 

-h 

+ + + + 

-t -f -t 

+ 

4- -t 

-t 

4- + + 

-f -f -t 

+ + + 

-t -f 

-t 

■f-t + + 

-t + + -l- 

■f -f -I- + 
(died) 

-l- -t ■<- 


♦ A specimen of commercially manufactured product 
provided by Dr F. L. Meicnoy. 

DISCUSSION 

A large number of antibiotics have been reported in 
the culture filtrates from aerobic spore-forming 
bacilli (Baron, 1950). The nature of the substance 
responsible for antibiotic action is not known in 
every case, but where a pure or nearly pure product 
has been isolated, activity has frequently been found 
in a peptide fraction (Gilliver, Holmes & Abraham, 
1949; Sharp, Arriagada, Newton & Abraham, 1949; 
Howell, 1950; Catch, Jones & Wilkinson, 1949; 
Barry, Gregory & Craig, 1948; Consden, Gordon, 
Martin & Synge, 1947; Hotchkiss, 1944). In some 
instances an antibiotic peptide, which was at first 
thought to be homogeneous, has later been resolved 
into several distinct substances (Gregory & Craig, 
1948). 

In the present investigation, numerous attempts 
at purification of licheniformin hydrochloride by 
precipitation, salt formation and adsorption chro- 
matography gave little or no evidence of hetero- 
geneity, but paperpartitioncliromatography showed 
that the best preparationof licheniformin previously 
obtained (Callow etal. 1947) wasamixture of at least 
three antibiotics. Counter -current distribution 
methods (Bush & Densen, 1948 ; Craig & Post, 1949) 
were successful in separating these three anti- 
biotics, but nevertheless the purity of the final 
products, the hydrochlorides of licheniformins A, B 
and C, cannot be regarded as absolutely established. 
Each substance gave a single zone of colour with 
ninliydrin after paper chromatography and this 
zone coincided entirely with the zone of antibiotic 
activity. Each substance gave a distribution curve 
m a 24-stage counter-current fractionation which 
foUowed closely the theoretical curve for a pure 
compound. The materials are, therefore, each 
homogeneous with respect to partition coefficient 
between two pairs of solvents, but no crystalline 
derivative could be obtained. • 
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We have been informed that Dr L. H. Kent, 
Dr B. T. Tozer and Dr J. H. R. Slade at the Micro- 
biological Research Department have obtained 
very similar results with products from the A 5 
strain on ammonium lactate medium. Like our- 
selves, thej’- would put forward only with the 
greatest reserve the statement that any fractions 
are chemically homogeneous. 

Biological activity 

Crude licheniformin hydrochloride (Callow et al. 
1947) had a wide antibacterial spectrum, but its 
main interest lay in its considerable activity against 
acid-fast organisms and in its potentialities as an 
antitubercular drug. The limitation to the use of the 
crude antibiotic was that it caused severe damage to 
the kidney. Purified licheniformin C was less active 
against acid -fast organisms than the original crude 
preparation and caused more extensive kidney 
damage. Licheniformin B was rather more active in 
vitro than the original preparation, but it also caused 
extensive kidney damage. Licheniformin A was 
much less toxic than either of the other fractions, 
but stni caused some slight kidney damage and was 
less effective than streptomycin in controlling 
tuberculosis in mice (p. 565). It would be tempting 
to suppose that renal toxicity is not an inherent 
property of licheniformin A and that the small 
degree of kidney damage evident in our tests was 
due to contamination of this substance with another 
peptide but, since the criteria of purity were fairly 
exacting, we do not oxuselves favotu this view. 
Renal toxicity has been reported also with several 
other antibiotic peptides obtained from related 
bacteria, and attempts to separate this toxicity 
from the antibacterial activity have not been 
entirely successful (IMiller, SIcDonald & Shock, 
1950; Smith, Schultz, Ott & Payne, 1949; Abraham 
& Newton, 1950). 

Chemical structure 

The difficulty experienced in separating the three 
compounds indicated some similarity of composi- 
tion, but we did not expect such close similarity as 
was actually found. Licheniformin C was readily 
distinguishable from the other two peptides in that 
it gave, on acid hydrolysis, glutamic acid in addition 
to the eight amino-acids foimd in licheniformins A 
and B. In other respects the three compounds 
showed remarkable similarity. Elementary analyses 
did not distinguish between them ; all three had the 
same optical acthdty and about the same molecular 
weight; all three, after reaction with fiuoro dinitro- 
benzene, failed to give any ‘end group’ (Sanger, 
1945) on acid hydrolysis. 

Licheniformins A and B, being the more active 
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antibiotics, wore examined in greater detail than C. 
As can he seen from Table 1, the amoimts of amino- 
acids produced on hydrolysis are strikingly similar: 
they accoimt quite well for the whole of the original 
peptides and it seems imlikely that the difference in 
toxicity between A and B could be due to some un- 
recognized non-peptide component. The difference 
between the molecular weights of licheniformins A 
and B (4400 and 3800) is scarcely significant, having 
regard to the errors of the method, and in Table 3 
the number of amino-acid residues/molecule of 
peptide is calciilated on the assumption that the 
mean of these figures is the molectilar weight of both 
peptides. There are three major soiuces of error in 
this calculation: (i) molecular weight, (ii) percentage 
composition as determined by micro-analyses and 
(iii) estimation of individual amino-acids by colori- 
metric or microbiological methods. Tristram (1950) 
has pointed out that in order to estimate the 
stoicheiometric ratio of amino-acids in a protein or 
peptide the percentage error in the analysis of any 
one amino-acid must not exceed ± 0-4/i? x 100, 
where R is the mnnber of residues of that amino- 
acid. We have not had sufficient material to permit 
repeated quantitative analyses on our antibiotics, 
but we consider that the methods used cannot be 
relied upon to be more accurate than ±5%, thus it 
may well be that the error approaches 10 % with a 
few of our amino-acid estimations. 


Table 3, Amino-acid residues in licheniformins 
A and B 

(Results are calculated assuming a molecular weight of 
4100 for each peptide. Figures are given to nearest whole 
number but where there is doubt, the calculated analytical 
figure is given in brackets. For definition of permissible 
error, see text.) 


Aspartic acid 

Glycine 

Serine 

Proline 

Arginine 

Phenylalanine 

Valine 

Lysine 


■nifnrmin 

Licheniformin 

Permissible 

error 

A 

B 

(%) 

1 

1 

40 

7 (7-4) 

7 (7-2) 

5 

3 

3 

13 

2 

2 

20 

6 (6-65) 

6 (6-5) 

6-7 

2 (2-4) 

2 (2-6) 

13 

2 

2 

20 

12 

12 

2-8 


The last column of Table 3 gives the percentage 
accuracy required to calculate, with certainty, the 
number of residues of each amino-acid present in the 
unit of molecular weight 4100. It is apparent from 
these figures that our failure to find any significant 
difference in residue numbers between the two 
peptides does not necessarily prove that they have 
the same quantitative composition. 

With these reservations in mind the close chemica 
resemblance between licheniformins A and B is 
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LICHENIPORMINS A, B AND 0 

SUMMARY 

1. The lichoniformin of Callow ct al. (1947) has 
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nevertheless quite striking and the difference in 
toxicityis difficult to explain. Adifference in optical 
form of the constituent amino-acids of these two 
peptides is not attractive as an explanation, since 
each peptide, after hydrolysis, gave an amino-acid 
mixture in which the same proportion of amino - 
acid was present in the d form; however, the species 
of D-amino-acid was not established in either case. 
We are more inclined to suggest that the differ- 
ence in toxicity between licheniformins A and B 
may be attributable to a difference in amino- 
acid sequence within the two peptides. Some 
attempts were made to confirm this idea by partial 
hydrolysis experiments, but both compotmds gave 
mixtures of basic peptides which we could not 
fractionate. 

The suggestion has already been made (Work, 
1949) that certain antibiotics may act by inter- 
ference with protein synthesis. It was pointed 
out that protein synthesis is a species-specific 
process and that inhibition of protein synthesis 
by metabolite analogues might be expected to 
be species-specific also. We have now obtained 
some evidence (Campbell & Work, 1961) that 
peptides are normal intermediates in protein 
B 5 mthesis and it is therefore not surprising that 
amino-acid sequence in an antibiotic peptide may 
influence toxicity. We have, as yet, no clue to 
the cause of the common nephrotoxic action of 
antibiotic peptides. 


beenseparatedbytheuseofcountor-currontdistribu- 

tion into three antibiotic peptides, lichoniformins 
A, B and C. 

2. Lichoniformins A and B are both Iiydrolysod 
by acid to give glycine, serine, proline, valine, 
phenylalanine, lysine, arginine and aspartic acid. 
Lichenifonnin C gives those amino-acids and, in 
addition, glutamic acid. 

3. All three peptides have similar molecular 
weights (3800-4800), optical rotations and ele- 
mentary compositions. 

4. Licheniformins A and B are more active 
against Mycobacierium phlci than lichoniformin C, 
and are less toxic to mice than lichoniformin C. 

6. Lichoniformin A, the least toxic peptide, was 
less effective than streptomycin in controlling a 
tubercular infection in mice. 

6. Quantitative amino-acid analyses were made 
on licheniformins A and B and the stoichoiomotric 
ratio of the amino-acids calculated for each peptide. 

7. Licheniformins A and B are both devoid of 
reactive end amino groups (fluorodinitrobenzone) 
and are presumably cyclic. 

8. The difference in biological activity between 
licheniformins A and B is regarded as due to a 
difference in amino -acid sequence between the two 
peptides. 


ADDENDUM I 


Microbiological Estimation of Lysine, Valine and Phenylalanine 

in Licheniformin 


By KATHERINE R. DE BOUK 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 10 October 1951) 


Although the estimation of lysine, valine and 
phenylalanine by microbiological methods is a 
standard procedure, some difficulty was experienced 
in using, unmodified, the media of earlier authors. 
Mter testing the media of Dunn, Shankman, 
Camien, Franld & Rockland (1944), Barton- 
Mfright (1946), Sauberiich & Baumann (1946) and 
Steele, Sauberiich, Reynolds & Baumann (1949), 
some modifications were made to the last two, and 
good acid production with linearity over a sub- 
stantial part of the curve was attained. A brief 
nccoimt of these modifications is given. The results 
obtamed are given in Table 1 (p. 564), 


materials AND METHODS 

Cultures. Lactobacillus arahinosus 17-5 was used for the 
determination of valine and phenylalanine; Lenconostoc 
meseniemdes P~60 was used for the determination of lysine. 

oulturea were carried in a Nymon & Gortner 

S 100 ml. of medium : 

Difco bacto-peptone, tiyptone and yeast extract 0-6 v 

vieorous ptotv+v, flZ \ medium maiatamed 
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We have been informed that Dr L. H. Kent, 
Dr B. T. Tozer and Dr J. H. R. Slade at the Micro- 
biological Research Department have obtained 
very similar results with products from the A 5 
strain on ammonium lactate medium. Like our- 
selves, they would put forward only with the 
greatest reserve the statement that any fractions 
are chemically homogeneous. 

Biological activity 

Crude licheniformin hydrochloride (Callow et al. 
1947) had a wide antibacterial spectrum, but its 
main interest lay in its considerable activity against 
acid-fast organisms and in its potentialities as an 
antitubercular drug. The limitation to the use of the 
crude antibiotic was that it caused severe damage to 
the kidney. Purified licheniformin C was less active 
against acid-fast organisms than the original crude 
preparation and caused more extensive kidney 
damage. Licheniformin B was rather more active in 
vitro than the original preparation, but it also caused 
extensive kidney damage. Licheniformin A was 
much less toxic than either of the other fractions, 
but still caused some slight kidney damage and was 
less effective than streptomycin in controlling 
tuberculosis in mice (p. 565), It would be tempting 
to suppose that renal toxicity is not an inlaerent 
property of licheniformin A and that the small 
degree of Iddney damage evident in our tests was 
due to contamination of this substance with another 
peptide but, since the criteria of purity were fairly 
exacting, we do not ourselves favour this view. 
Renal toxicity has been reported also with several 
other antibiotic peptides obtained from related 
bacteria, and attempts to separate this toxicity 
from the antibacterial activity have not been 
entirely successful (Miller, McDonald & Shock, 
1950; Smith, Schultz, Ott & Payne, 1949; Abraham 
& Newton, 1950). 

Chemical structure 

The difficulty experienced in separating the three 
compoxmds indicated some similarity of composi- 
tion, but we did not expect such close similarity as 
was actually found. Licheniformin C was readily 
distinguishable from the other two peptides in that 
it gave, on acid hydrolysis, glutamic acid in addition 
to the eight amino-acids foimd in licheniformins A 
and B. In other respects the three compoimds 
showed remarkable similarity. Elementary analyses 
did not distinguish between them ; all three had the 
same optical activity and about the same molecular 
weight; all three, after reaction with fluorodinitro- 
benzene, failed to give any ‘end group’ (Sanger, 
1945) on acid hydrolj’sis. 

Licheniformins A and B, being the more active 
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antibiotics, were examined in greater detail than C. 
As can be seen from Table 1, the amounts of amino- 
acids produced on hydrolysis are strikingly similar: 
they account quite well for the whole of the original 
peptides and it seems unlikely that the difference in 
toxicity between A and B could be due to some un- 
recognized non-peptide component. The difference 
between the molecular weights of licheniformins A 
and B (4400 and 3800) is scarcely significant, having 
regard to the errors of the method, and in Table 3 
the number of amino-acid residues/molecule of 
peptide is calculated on the assumption that the 
mean of these figures is the molecular weight of both 
peptides. There are three major sources of error in 
this calculation: (i) molecffiar weight, (ii) percentage 
composition as determined by micro -analyses and 
(iii) estimation of individual amino-acids by colori- 
metric or microbiological methods. Tristram (1950) 
has pointed out that in order to estimate the 
stoicheiometric ratio of amino -acids in a protein or 
peptide the percentage error in the analysis of any 
one amino-acid must not exceed + 0-4/2? x 100, 
where 2? is the number of residues of that amino- 
acid. We have not had sufficient material to permit 
repeated quantitative analyses on our antibiotics, 
but we consider that the methods used cannot be 
relied upon to be more accurate than ± 5 %, thus it 
may well be that the error approaches 10 % with a 
few of our amino-acid estimations. 

Table 3. Amino-acid residues in licheniformins 
A and B 

(Results are calculated assuming a molecular weight of 
4100 for each peptide. Figures are given to nearest whole 
number but where there is doubt, tbe calculated analytical 
figure is given in brackets. For definition of permissible 
error, see text.) 

Permissible 


Aspartic acid 

Licheniformin 

A 

1 

Licheniformin 

B 

1 

error 

(%) 

40 

Glycine 

7 (7-4) 

7 (7-2) 

6 

Serine 

3 

3 

13 

Proline 

2 

2 

20 

Arginine 

6 (6-65) 

6 (6-6) 

6-7 

Phenylalanine 

2 (2-4) 

2 (2-6) 

13 

Valine 

2 

2 

20 

Lysine 

12 

12 

2-8 


The last column of Table 3 gives the percentage 
accuracy required to calculate, with certainty, the 
number of residues of each amino -acid present in the 
unit of molecular weight 4100. It is apparent from 
these figures that our failiue to find any significant 
difference in residue numbers between the two 
peptides does not necessarily prove that they have 
the same quantitative composition. 

With these reservations in mind the close chemical 
resemblance between licheniformins A and B is 
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SUmiARY 

1. Tho liohoniformin of Callow cl al. (1947) has 
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nevertheless quite strildng and the difference in 
toxicity is difficult to explain. A difference in optical 
form of the constituent amino-acids of these two 
peptides is not attractive as an explanation, smce 
each peptide, after hydrotysis, gave an amino-acid 
mixtmo in wliich the same proportion of amino- 
acid was present in the n form ; however, the species 
of D-amino-acid was not established in either case. 
We are more inclined to suggest that the differ- 
ence in toxicity between licheniformins A and B 
may be attributable to a difference in amino- 
acid sequence within the two peptides. Some 
attempts were made to confirm this idea by partial 
hydrolysis experiments, but both compounds gave 
mixtures of basic peptides which we could not 
fractionate. 

The suggestion has already been made (Work, 
1949) that certain antibiotics may act by inter- 
ference with protein synthesis. It was pointed 
out that protein synthesis is a species-specific 
process and that inhibition of protein synthesis 
by metabolite analogues might be expected to 
be species-specific also. We have now obtained 
some evidence (Campbell & Work, 1961) that 
peptides are normal intermediates in protein 
synthesis and it is therefore not surprising that 
amino -acid sequence in an antibiotic peptide may 
influence toxicity. We have, as yet, no clue to 
the cause of the common nephrotoxic action of 
antibiotic peptides. 


beenseparatedbythousoofcountor-currontdistribu- 

tion into throe antibiotic peptides, licheniformins 
A, B and C. 

2. Licheniformins A and B are both liydrolysod 
by acid to give glycine, serine, prolino, valmo, 
phenylalanine, lysine, arginine and aspartic acid. 
Liohoniformin C gives those amino -acids and, in 
addition, glutamic acid. 

3. All throe peptides have similar molecular 
weights (3800-4800), optical rotations and olo- 
montarj’- compositions. 

4. Licheniformins A and B nro more active 
against Mycohaclcman pMci than liohoniformin C, 
and are less toxic to mice than lichoniforrain C. 

5. Lichoniformin A, tho least toxic peptide, was 
less effective than streptomycin in controlling a 
tubercular infection in mice. 

6. Quantitative amino-acid analyses wore made 
on licheniformins A and B and tho stoichoiomotric 
ratio of tho amino-acids calculated for each peptide. 

7. Licheniformins A and B nro both devoid of 
reactive end amino groups (fluorodinitrobonzono) 
and are presumably cyclic. 

8. The difforonco in biological activity between 
licheniformins A and B is regarded as duo to a 
difference in amino-acid sequence between tho two 
peptides. 


ADDENDUM I 


Microbiological Estimation of Lysine, Valine and Phenylalanine 

in Licheniformin 


By KATHERINE R. DE BOUK 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 10 October 1951) 


Although the estimation of lysine, valine and 
phenylalanine by microbiological methods is a 
standard procedure, some difficulty was experienced 
in using, unmodified, the media of earlier authors. 
After testing the media of Dunn, Shankman, 
Carmen, Frankl & Rockland (1944), Barton- 
Wright (1946), Sauberlich & Baumaim (1946) and 
Steele, Sauberheh, Reynolds & Baumaim (1949), 
some modifications were made to the last two, and 
good acid production with linearity over a sub- 
stantial part of the curve was attained. A brief 
accoimt of these modifications is given. The results 
obtained are given in Table 1 (p. 564). 


materials and methods 

Cultures. Lactobacillus arabinosus 17-5 was used for the 
determination of valine and phenylalanine; Leuconostoc 
mesenieroides P-60 was used for the determination of lysine 
11 cultures were carried in a Nymon & Gortner 

0946) medium, modified as foUows. For 100 ml. of medium ; 
Bifco baoto-peptone, tryptone and yeast extract, 0-5 s 

•’ 1-0 g-i sodium acetate 

(hydrated), 1-0 g. ; 0-5 ml. each of salt solutions A and B (see 
basal medium) ; agar, 1-5 g. This medium maintained 
porous growth for all the organisms commonly used for 

P 60, Streptococcus faecahs R, Lactobacillus fermenti 36 
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Leuconostoc citrovorum, Lactobacillus brevis), and was an 
improvement on published media on which cultures tended 
to die out. Transfers were made monthly. This practice was 
discontinued, however, in the case of Lb. arabinosus owing 
to a gradual departiu-e in linearity of response and the latter 
was maintained in the dried state. Before use in assays the 
organisms were grown in broth of the same composition as 
the above, with the agar omitted. 

Basal medium. Medium I of Sauberlioh & Baumann 
(1946) was used with Lb. arabinosus 17-5 with the following 
modifications. Serine, glycine and proUne were omitted 
from the medium as unnecessary ; sodium acetate (hydrated) 
was increased from 20 to 33 g./600 ml. of double-strength 
medium; 200 mg. of L-asparagine was replaced by 640 mg. 
of DL-aspartic acid; riboflavin was reduced from 0-5 to 

0- 25 mg. (see below). 

Medium VI of Steele et al. (1949) used with L. mesen- 
teroides P-60 was modified by increasing the vitamins. 
500 ml. of double-strength medium contained: aneurin 

1- 0 mg.; pyridoxin, l'6mg.; calcium D-pantothenate, 
1-0 mg.; nicotinic acid, 2-0 mg.; p-aminobenzoic acid, 
0-1 mg.; biotin, 0-005 mg.; folio acid, 0-01 mg.; riboflavin, 
0-25 mg. The smaller quantity of riboflavin used in both 
media I and VI served to diminish the colour of the medium 
and hence to facilitate titration, and in no way affected the 
assays. 

The inorganic salt solutions used to make up 500 ml. of 
media (double strength) were as follows; Solution A, 
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500 mg. of KH2PO4 and 500 mg. of KjHPO, in 5 ml. 
Solution 5,200 mg. of MgS04 . TH^O, 10 mg. of FeS04 ■ IHiO, 
20 mg. of kInS04.4H20, and 10 mg. of NaCl in 5 ml. 

Standard curve. The synthetic nn-acid was used, after 
confirming that the n-form was not available with the 
media employed; however, calculations were based 
on the L-isomers only. The range (per tube) for the 
construction of the linear portion of the curve was as 
follows: L-lysine Hd, 0-50 ^g., l- valine and L-phenyl- 
alanine, 0-25 pg. 

Preparation of samples for assay. Licheniformin hydro- 
chloride (15 mg.) was hydrolysed in 6 n-HC 1 for 16 hr. at 
105° in a sealed evacuated tube. The HCl was removed over 
KOH and the residue made up to 10 ml. in water. Portions 
taken were adjusted to pH 6-8. 

Assay procedure. The sample was added to 5 ml. quantities 
of double-strength medium and the tubes sterihzed at 
10 ]b./in.“ for 5 min. This gave less darkening of the medium 
than with the longer periods and higher pressures commonly 
used. The lactic acid was titrated to pH 6-8 with 0-1 ir- 
NaOH using Smith’s (1930) indicator suitably altered so as 
to produce the colour change of orange-grey to pure grey at 
pH 6-8 instead of 6-9. This modified indicator, containing 
0-09 g. of bromothymol blue and 0-10 g. of alizarin red 
sulphonate dissolved in 100 ml. of 30% (v/v) aqueous 
ethanol, gives a much sharper end point than the bromo- 
thymol blue always recommended in the literature for 
microbiological assay titrations. 
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Sedimentation and Diffusion of Licheniformins A, B and C 

By A. G. OGSTON 

Department of Biochemistry, University of Oxford 
[Received 10 October 1961) 


Sedimentation. This was observed in a Svedberg oil- 
turbine ultracentrifuge by the method of Cecil & Ogston 
(1948) The hydrochlorides were dissolved in 0-2M-NaCl to 
a concentration of Ig./lOOml. Owing to the relatively 
small molecular weights and high diffusion coefficients, clear 
sedimentation boundaries were not obtained; the sedi- 
mentation constants were therefore measured by the method 
of Gutfreund & Ogston (1949) . These results are probably not 
more accurate than ±6%. 

Diffusion. This was measured in the Gouy diffusiometcr 
(Coulson, Cos, Ogston & Philpot, 1948). The same solutions 
were used as for sedimentation. Since an equihbrium 
diffusate could not be prepared by dialysis, the solvent into 
which diffusion took place was NaCl of a concentration 


calculated to equal that of diffusate on the basis of the Gibbs- 
Donnan equilibrium. The obserr-ed diffusion coefficients nro 
then comparable with the sedimentation constants. Both 
sedimentation and diffusion constants arc corrected to their 
values in water at 20° (Table 1). In calculating the molecular 
weights, a value of 0-75 has been assumed for the partial 
specific volume. 

Table 1. Sedimentation and diffusion constants 
Licheniformin S.^ (corr.) x 10'* D.^ (corr.) x 10' Mol.wt. 


0-90 

21-0 

4400 

0-8D 

22-4 

3800 

0-95 

19-4 

4800 
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A Solubility Analysis of Crystalline Ox-Liver Catalase 

By G. L. BROVIN 

Medical Research Council Biophysics Unit, Department of Physics, 

King's College, Strand, W.C. 2 

[Received 27 October 1951) 


Loew (1901) first demonstrated that the decomposi- 
tion. of hydrogen peroxide by plant and animal 
tissues was due to an enzyme which he named 
catalase. Other workers proceeded to isolate and 
purify this enzyme and eventually Zeile & Hell- 
strom (1930) established that the enzyrme was an 
iron-porphyrin protein. This was confirmed by 
Keilin & Hartree (1936) and Stem (1935), who also 
proved that the iron-porphyrin was protohaematin. 
Sumner & Dormce (1937) crystallized ox-liver 
catalase soon afterwards; since then many other 
liver and erydhrocyte catalases and a bacterial cata- 
lase have also been prepared in a crystalline state. 

Catalase has been found to be present in all 
aerobic cells so far examined and is present in high 
concentrations of from lO"* to 10 -'m in the liver. 


kidneys and erythrocytes of mammals. Doimce 
(1943) has stated that the catalase of liver is con- 
fined to the cytoplasm of liver cells, but has since 
found (1951) that this observation was due to the 
method of preparation of the liver-cell nuclei tind 
that nuclei prepared by an improved method do 
contain catalase. 

Stem & Wyckoif (1938), using an ultracentrifuge 
method, foimd the molecular weight of ox- and 
horse-liver catalases to be about 250000, and from 
the iron content of their preparations calculated 
that the catalase molecule contained fom- atoms of 
iron. Sumner & Bounce (1937) observed that only 
about half the iron of their crystalline ox-liver 
catatee preparations was bound as haematin, and 
Lemberg, Norrie & Legge (1939) later demonstrated 
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that part of the iron of liver catalases is boimd in the 
form of a catalyticaUy inactive bUe-pigment hae- 
matin. Bonnichsen (1948) has put forward evidence 
which indicates that the bile-pigment content of 
liver catalases may be due to the methods of pre- 
paration. 

The fractional values for the molecular ratio of 
haematin and catalase protein and the variations of 
specific activity obtained with different prepara- 
tions, has prompted Sumner (1941) to suggest that 
hver-catalase preparations contain a mixture of 
catalases with one, two, three and four intact 
haematin molecules per catalase molecule, the 
remaining iron being bmmd as inactive bile-pigment 
haematin. According to Lemberg & Legge (1949), 
the values of specific activity or catalase capability 
[Kat.f. defined by von Euler & Josephson, 1927) for 
most purified preparations of liver catalases de- 
scribed in the literature vary between 52000 and 
60 000, when corrected to zero bile-pigment content. 
Agner (1942), however, has reported a Kat.f. value 
of 80 000 for a horse-hver catalase preparation, when 
corrected to zero bile-pigment content. This value 
has since been confirmed by Agner & Theorell 
(1946). 

In a preliminary study of the Sunmer & Bounce 
method of preparing ox-liver catalase, the author 
found that homogenizing the minced tissue in a 
Waring Blendor increased the measurediiCaf./. of the 
crystalline catalase from 45000 to 72000. The pre- 
sent paper describes an analysis of this highly active 
preparation using a solubility test method designed 
to detect and characterize the components of the 
suspected mixtrue of catalases. It is shown that the 
increase in Kat.f. of the final product after homo- 
genizing the tissue is due to the presence of a small 
amount of a catalase with a much higher Kat.f. than 
hitherto observed, and some of the optical pro- 
perties of this new catalase have been measured. 

EXPERIMENTAL 
Preparation of enzyme 

Crystalline ox-liver catalase was prepared by a modification 
of the method of Sumner & Doimce (1937) as follows: 

Ox liver (2 kg.) was minced, homogenized for 2 min. at 0° 
in a Waring Blendor, extracted with 35% (v/v) aqueous 
dioxan and fractionated with dioxan at 0° according to 
Sumner & Bounce. The precipitated fraction, which con- 
tained the catalase, was extracted three times with a dilute 
solution of salivary amylase in distilled water (total vol. 
25 ml.) to digest the glycogen, and the catalase isolated 
from this extraction solution in a crystalhne form by seeding 
and allowing to stand at 0° for 24 hr. The crystals were 
centrifuged down at 0°, dissolved in 0-1 si-phosphate buffer, 
pH 7-4, and recrystaUized by dialysing against 0-1 M- 
phosphate buffer, pH 6-3. These crystals were centrifuged 
at 0°, dissolved in O-lsi-phosphate buffer, pH 7-4, and 
dialysed against 0-1 Ji-phosphate buffer, pH 6-55. The mother 
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liquors from the two crystallizations were also dialysed 
against this buffer for 2 days before carrying out the 
solubility test. 

Solubility test method 

Amounts of (NH 4 ) 2 S 04 calculated to produce a suitable- 
range of ionic strengths were dissolved in 5 ml. samples of 
the enzyme solutions containing about 1 mg. protein/ml. 
After aUo-wing to equiUhrate at 0-5° for 24 hr. the solutions 
were filtered at the same temperature, as described by 
Falconer & Taylor (1946a). The optical densities of the 
filtrates at 275, 405 and 502 my. the maxima of the catalase 
absorption spectrum, were measured in a Beckman spectro- 
photometer. This procedure was carried out -with the twice- 
crystallized material and with the two mother liquors. The 
Kat.f., of the t-wice-crystallized catalase, was determined by 
the method of von Euler & Josephson (1927) and the re- 
lative catalase acti-vities of the filtrates determined by the 
perborate method of Feinstein (1949) at 10°. The protein N 
content of some of the filtrates, selected on the basis of the 
salting-out curves, were estimated by the mioro-Kjeldahl 
method of Falconer & Taylor (1946a). Total haematin 
content was estimated by the method of Duve (1949). 

RESULTS 

The salting-out curves for the twice-crystallized 
material in terms of the variations of optical 
densities at 27 5, 405 and 502 my. -with ionic strength 
are shown in Pig. 1 a-c respectively, and the corre- 
sponding changes in enzyme activity are shown in 
Fig. 1 d. The specific property solubility diagrams of 
Falconer & Taylor (19466), shown in Fig. le, /, 
clearly demonstrate the complex nature of the 
preparation. It is apparent from Fig. 1 that there 
are three main components A, B and G with appreci- 
able absorption coefficients at 405 my., together 
with a small amount of material that absorbs at 
275 m;a. but not at 405 my. and remains in solution 
at an ionic strength of 6-5. An analysis of the con- 
stitution of the preparation and of the natvue of the 
components, derived from the solubility curves and 
from the protein -nitrogen estimations, is presented 
in Table 1. 

Protein G has a Kat.f. value of 45 000 and a ratio 
of the optical density at 405 my. to that at 275 my. 
of 0-9 and therefore corresponds to the catalase 
usually obtained from ox liver by the unmodified 
Sumner & Bounce method. From the complexity 
of the sections of the graplis in Fig. 1 e, /, corre- 
sponding to the salting-out of this component, it is 
possible that C is a mixture of catalases differing 
only in the number of intact haematins per catalase 
moleciile. Protein A, with a Kat.f. value of 180 000, 
has not been observed before, and its presence 
accoimts for the increase in Kat.f. to 72000, when 
the usual method is modified by the introduction of 
the blending process. The B component is appar- 
ently a haem protein with no appreciable catalase 
activity. 



SOLUBILITY ANALYSIS OF CATALASE 

The observation of the Beckman or to 
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Fig. 1. Solubility test curves of twice-crystallized ox-liver catalase at pH 6-55 using solid (NH 4 )iS 04 as salting-out agent. 
(a), (b) and (c) are the precipitation curves for proteins in solution with absorption at 275, 405 and 602 mp. 
respectively; (d) is the precipitation curve for catalases in solution, and (e) and (/) are the 'specific property 
solubility curves’ for the solution. 


Table 1. Solubility test analysis of twice-crystallized ox-liver catalase constitution of original solution 

(iCat/. =72000; moles haematin/moles catalase =3'2; optical density 276 mp./optioal density 405 mp.=l-3; % com- 
ponent A =17 ; % component B =4; % component (7=78.) 

Properties of the components 


Enzyme aotivity/optical density 275 ray. 
Enzyme activity/optical density 405 ray. 

Optical density 405 mp./optical density 275 my. 
Optical density 502 mp./optical density 275 my. 
Optical density 502 mp./optical density 405 my. 
Kat.f. 


ABC 

6800 0 1810 

15490 0 1630 

0-43 1-3 0-90 

0-048 0-13 0-11 

0-11 0-10 0-12 

180000 0 46000 


of these filtrates was exposed to radiation of wave- 
lengths 276, 406 or 602 my. issuing from the mono- 
chromator of the Beckman spectrophotometer, the 
clear solution became cloudy due to precipitation. 
After placing the samples in darkness for 1 hr. the 


precipitation process, and the effect could not be 
produced by raising the temperature of the samples 
to 30°. Fig. 2, which shows the salting-out curve of 
the mother liquor from the second crystallization, 
mdicates that a component (X) is being salted out 
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over the range of ionic strengths at which the 
‘photo -precipitation’ effect occurs and therefore 
that component N is in equUibrimn with its solvent 
in the filtrates with ionic strengths in this range. It 
seems clear, then, that the precipitation effect is due 
to a decrease in solubility of this component on- 
absorption of visible and ultraviolet radiation. Its 
salting-out properties, and the fact that it contains 



Pig. 2. Precipitation curve ofmother liquor from the second 
crystallization of os-liver catalase showing the precipita- 
tion of a protein X in the range of ionic strengths over 
which a ‘photo -precipitation’ effect occurs when the 
solutions are irradiated with light. 

nitrogen, and its existence in a solution of a crystal- 
lized protein indicate the protein natinre of com- 
ponent X. Apparently, it is left entirely in the 
mother liquor after crystallization at pH 6-3, as the 
precipitation effect was not observed in the solu- 
bility test on the twice -crystallized material. 

DISCUSSION 

The existence of component A in the preparation 
analysed above is undoubtedly due to the action of 
the Waring Blendor, which disintegrates the tissue 
much more than mincing. This indicates that A is 
strongly bound to insoluble particles in the liver 
cells, only being released into solution when these are 
damaged by the blending process. This explanation 
is supported bj’’ the observation of Falconer & 
Taylor (1946o) that catalase activity is relesised 
from thoroughly washed liver mince after autolysis, 
and by the work of StUl & Kaplan (1950), which 
showed that the action of the Waring Blendor could 
bring about the transfer of the glycolytic oxidase 
activity of a suspension of mitochondria from the 
particulate elements into solution. 

The value of 0-43 for the ratio of the optical 
densitj' at 405 m/i. to that at 275 m/i. for com- 
ponent A, indicates that A is distiactly different 
from G for which the corresponding ratio is 0-90. 
Tliese values suggest that either component A has 
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a much lower ratio of haematin to protein molecules 
than G or that its protein component has a higher 
aromatic amino -acid content than the G protein. 
The latter is identical in Kat.f. and optical pro- 
perties with the catalase preparations obtained 
without the use of the blender and is therefore un- 
bound, or not so firmly boimd, to insoluble particles 
in the cells as the A component. In view of the above 
facts it seems probable that the G component is 
partially degraded erythrocyte catalase, with 
lowered specific activity due to its content of bile 
pigment haematin, which is on the pathway of 
degradation of haematin in liver. This explanation 
would account for the ease with which it can be 
extracted and its low activity. The A component, 
however, would appear to be the ‘structxiral’ 
catalase of the liver in view of its high specific 
activity and the drastic treatment needed for its 
extraction. 

By fractional crystallization of crystalline horse- 
erythrocyte catalase prepared according to Bon- 
nichsen (1947), Deutsch (1951) has recently ob- 
tained preparations with Kat.f. values ranging from 
84000 to 118000, but with identical absorption 
properties. The high-activity fraction was found to 
be extremely labile, the Kat.f. value decreasing to 
84 000 on standing at 0° or on dilution, without any 
change in its absorption properties. The two com- 
ponents observed in the ox -liver catalase prepara- 
tion described in tins paper have different optical 
properties, and the highly active component 
appears in the preparation only after homogeniza- 
tion. This would seem to preclude any relationship 
between them such as that observed by Deutsch in 
the case of erythrocyte catalase preparations. 

SUIMMARY 

1. A modification of the Sumner & Dounce 
method of preparing crystalline ox -liver catalase 
has been developed which’ yields' a product with a 
Kat.f. of 72000. 

2. It has been demonstrated by a solubility test 
technique that the product contains two distinct 
catalases with Kat.f. values of 45000 and 180000. , 

3. It is suggested that the catalase with the Kat.f. 
value of 180000 is attached to insoluble complexes 
in the liver cell and is the structmal catalase of liver. 

4. A protein exhibiting a reversible change in 
solubility on exposure to radiation of wavelengths 
in the visible and ultraviolet regions of the spectrum 
has been detected in partially purified catalase 
preparations. 

The author wishes to express his thanks to Prof. J. T. 
Randall, F.R.S., for his interest and encouragement during 
this work and to Dr D. B. Taylor for help and advice. He is 
also indebted to Miss M. A. Clark for technical assistance. 

This work was carried out during the tenure of a Medical 
Research Council Studentship. 
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Effects of Gold Environment on Deposition of Fat 
in the Liver in Choline Deficiency 


By E. a. sellers and ROSEjMARY W. YOU 
Department of Physiology, University of Toronto 

{Received 3 December 1951) 


In a preliminary communication (Sellers & You, 

1949) it was reported that when rats were exposed to 
a cold environment the deposition of excess fat in 
the liver produced by feeding a hypolipotropic diet 
was effectively prevented. Only one set of experi- 
mental conditions had been tested, so that it was of 
interest to extend the investigation by varying the 

length of exposure and the type of diet offered, and ‘ moment ot jat 50 %. 

to study the effects of acclimatization in relation to 

the phenomenon. Our interest in the effects of the environment on acute choline deficiencu 

thvroid eland on •r«4. a.i / 1 \ a__ i ... 


hydrochloride 20pg., calcium pantothenate lOOwc 

mcotmic acid 100 ;xg.,foUoacid6/ig.,2.methyM:4.naphtho- 

qiMone lOpg., inositol 5 mg., ^J-aminobenzoio acid 1 me 
The cod-hver od concentrate supplied at least 300 iu 

""‘a®® D/10 g. of diet. In the 
high-fat (bet the content of fat was increased by adding an 
additional 20% of beef dripping and 10% of com oU nUhe 
e.xpense of sucrose to make the total content of fat 50°/ 


c ^K.**v/**. v/vM. 111 uae enects oi tne 

thyroid gland on deposition of fat in the liver 
(Sellers & You, 1961) also made it desirable to 
assess the role of this gland in the ‘pseudolipotropic ’ 
action of cold. ^ 

experimental 

^ aU experiments rats of the Wistar strain, bred in the 
department, were kept in individual metal cages and were 
given water ad lib After the experimental period they were 
Med by cervical dislocation and the livers were remred 
for chemcal and l^tological examination. Total Uver lipids 

were estimated usmg the method of Best Luma P ++ ^ 

'»« « 

5%,a-tocopherol ncpfnfon.mnn/ ° A, com oil for 5 days before and diu-! ^ ^Doche-Organon) 

rate the cold room the animals were Id in 


di weighing from 170 to 220 g were 

wtn d f *>“sat hjjolipo- 

tropic diet cid lib» for 14 davs "DnrinrT fLa a • ^ 

group was placed in a oo^TaLfaStTSl"'’ 

atureofl-SiP, while the otherwas kept in tlef J^mper- 
quarters at a temperature of 22 ±2°. ^ animal 

(2) Ten adult female rats fl70-21fi tr ^ tTrL* i, i. j i 
kept in the cold room for 54 da^ SVe^^^e b 
tropic diet instead of their usual rati^lr ^ 

2 weeks. At the same time of 




the animal 

tropic diet for a period of 2 weeks ^ ^ ^ typolipo- 

13 “r 


30%, c«ta 8"/., .ai« *%TB.7.s;rrLS"‘i“5? 

o make possible the survival 
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of such animals in the cold enviromnent (Sellers & You, 
1960). Ten normal female rats were also kept in the cold 
room and received daily the average amoimt of basal diet 
consumed by the thyroidectomized rats. In both groups 
body weights ranged from 180 to 200 g. at the commence- 
ment of cold exposure. 

(4) A hypolipotropic diet of high (50 %) fat content was 
given ad lib. to two groups of ten female rats for 14 days. 
One group was maintained at room temperature, and the 
other was exposed to cold. A third group of ten females was 
exposed to cold simrdtaneously but was fed the basal 
(moderate fat) diet. The average body weight of aU rats was 
181 g. when the feeding was started. 

The first part of this experiment was repeated using thirty . 
female rats of approximately the same weight range. AU 
rats received the same high-fat, low-choline diet ad lib., but 
eighteen animals were kept in the cold room during the 
experimental period, while the remaining twelve hved at 
normal room temperature. 

(6) A group of twenty female rats with body weights rang- 
ing from 162 to 190 g. were placed in the cold room and were 
fed the hypohpotropic diet ad lib. At the end of each week 
two animals were sacrificed, the last four rats being killed at 
the end of 10 weeks’ exposure. The fiver of each animal was 
removed and examined histologically. Other animals fed 
the same diet were sacrificed after a 15-week period of ex- 
posure to cold. 
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RESULTS 

The excessive deposition of fat found in the livers of 
rats fed the hypolipotropic diet at room temperature 
did not occur in rats which were given the same diet 
but were kept in the cold environment. This pre- 
ventive effect was also observed in rats which had 
previously been acclimatized to the cold environ- 
ment. Similar results were obtained with thyrpid- 
ectomized rats which received a constant daily 
maintenance dosage of thyroxine. The resrdts are 
summarized in Table 1. Even after 10 and 15 weeks 
of exposme the fat content of the livers of rats fed 
the hypolipotropic diet remained low, in some cases 
within the normal range (PI. 3). 

Wlien the content of fat in the basal diet was in- 
creased to 50 %, the total lipid content of the livers 
was found to be higher than that of the group re- 
ceiving the basal hypolipotropic diet in the cold 
enviromnent. However, it was lower than the 
average figure obtained in the groups of rats which 
were fed the high-fat diet and were kept at room 
temperature (Table 2, A and B). The food intake of 
all rats exposed to cold was considerably higher than 


Table 1. Effect of cold environment (2°) on acute choline deficiency (14 days) 


No. 

of 

rats 

Sex 

Group 

10 

M. 

Normal 

10 

M. 

Normal 

10 

E. 

Acclimatized* 

8 

E. 

Normal 

6 

E. 

Thyroidectomizedf 

6 

E. 

Normal 


Average body wt. 
(g.) 

, A 


ivironment 

Initial 

Einal 

Cold 

195 

214 

Normal 

196 

248 

Cold 

191 

195 

Cold 

185 

184 

Cold 

189 

182 

Cold 

186 

180 


Average 

food 

intake 

Average 

Average total 
lipids {% wet 

per day 

liver wt. 

liver wt.) 

(g.) 

(g.) 

±kD. 

22 

12-4 

7-2 ±1-2 

15 

13-8 

24-8±4-9 

19 

8-1 

7-20t 

17 

9-1 

7-60t 

16 

8-3 

6-75t 

16 

9-7 

6-70t 


* Bats were in cold environment for 54 days before commencement of low choline diet. 

Each rat received 5y thyroxine per day. 
j Livers were pooled for fat determination. 


Table 2. Effect of cold environment on fat deposition in the liver with high-fat, 
choline-deficient diet {lidays) 


No. of 
rats 


(— 

Average body wt. 
(g-) 

A 

Average 
food intake 
— , per day 

Average 
liver -sH. 

Average total 
lipids (% wet 
liver wt.) 

(female) 

Diet 

Environment 

Initial 

A 

Einal 

(g-) 

(g.) 

±S.D. 

9 

Basal 

Cold 

183 

181 

16-3 

10-7 

8-6* 

9 

High fatf 

Cold 

179 


180 

11-5 

10-2 

19-9± 9-7 

8 

High fatf 

Normal 

181 


200 

8-9 

13-0 

23-8±12-2 

{P>0-10) 

14 

High fatf 

Cold 

168 


170 

11-76 

10-4 

18-1± 8-1 

12 

High fatf 

Normal 

177 


205 

10-9 

12-2 

28-5±12-0 

(P<0-02) 


* Livers were pooled for fat determination, 
t 50% fat in basal diet. 
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the diets Tvith lower content of fat, and therefore nature 
with lesser caloric value. 

DISCUSSION 

^Vhen rats are fed diets low in choline and its pre- 
cursors, the amount of excess lipid deposited in the 
liver may be influenced by a variety of factors. 

Some of these (e.g. intake of food, growth rate, age, 
sex, previous nutritional status, the presence or 
absence of other dietary constituents) have been 
appreciated for many years, others (e.g. environ- 
mental temperature, hormonal action) have re- 
ceived less attention. In the experiments reported 
in this paper the effect of lowering the environmental 
temperature has been studied, and it is apparent 
that a definite ‘pseudolipotropic effect’ due to cold 
took place. This effect was quite obvious when a 
diet of moderate fat content (20 %) was fed, but was 
less so with a diet of high (50 %) fat content. It is of 
interest to consider whether these results may be 
explained on the basis of one of the mechanisms 
described previously or whether some new explana- 
tion is necessary. 

The energy requirement of a rat exposed to a cold 
temperature rises greatly, and in our experience the 
caloric intake is always increased. The rate of 
growth is adversely affected, but some increase in 
body weight still takes place. Rats of the range of 
weight studied have been observed in an environ- 
ment of 1-5° for as long as a year and a half. In such 
circumstances it would be unreasonable to claim 
that the animals were failing to meet their energy 
requirements from dietary sources. At normal 
room temperature (22 + 2°) the basal hypolipotropic 
diet described here must be restricted greatly in 
order to achieve the same lowering of liver lipids, and 
a failure to gain, or a fall in body weight occurs 
before excessive deposition of fat in the liver is 
decreased significantly (authors’ unpublished data). 

From this it is concluded that a decrease in the ratio 
of caloric intake to energy and growth requirements 
(inanition) cannot alone explain the result. 

The preventive action of the cold environment on 
deposition of fat in the liver is one of degree, how- 
ever, for when the high-fat diet was fed, large 
amounts of lipid material were laid down. The 
average amount of high -fat (50%) diet consumed 
was considerably less than that of the basal (20% 
fat) diet. Because of the greater caloric values of the 
high-fat diet, this would be expected. 

In studying the endocrine system, exposure to a 
cold temperature has been used frequently to elicit 
hormonal responses to conditions of ‘stress’. Some 
of the reactions occur rapidly and are associated 


After rats had been fed the basal hypolipo- 

tropic diet in the cold for 10 and 16 woelrs, the fat 
content of the liver remained low^ In 1950, Sellers, 
You, Ridout & Best observed that small daily doses 
(1-2 mg.) of cortisone given to normal rats fed a 
hypolipotropic diet failed to prevent the deposition 
of fat in the liver. Within a limited dosage schedule, 
this finding also applies to cortisone given orally, to 
deoxycorticosterone acetate and to adrenocortico- 
tropic hormone (ACTH) given by injection (Sellers, 
You, Ridout & Best, 1951). Tims it appears unlikely 
that adrenal stimulation is a principal cause of the 
effect. 

A high dose of thyroid substance (0'8 % in the 
food) is necessary in order to produce a level of lipid 
approaching the normal, when this basal hypolipo- 
tropic diet is fed to rats. Even with such a high 
dosage, large, centrolobular extracellular fatty cysts 
are formed (Sellers & You, 1951), a featiu-e seldom if 
ever seen in the livers of the animals exposed to 
cold. Therefore, the results obtained do not support 
the hypothesis that the thyroid plays an important 
part in the pseudolipotropic effect observed. 

Acclimatization does not appear to alter appreci- 
ably the pseudolipotropic effect of cold. Accli- 
matized animals consumed considerably more food 
than did controls kept at room temperature, yet 
on chemical examination had significantly lower 
levels of fat in the livers. 

No adequate explanation of the phenomenon can 
be advanced at present, yet an analysis of energy 
balance factors affords a basis for future work. The 
animal in the cold consumes a greater quantity of 
food than does the control kept at room temperature 
but does not grow so rapidly. In order to maintain 
body temperature in the cold, the energy ex- 
penditure is much greater and therefore it is logical 
to suggest that the greater caloric intake is used in 
producing heat. Very little dietary choline is avail- 
able, so the necessary metabolic processes must be 
carried out (1) without choline, (2) by sjmthesis of 
cholme within the body, or (3) the limited amount of 
cholme present must be used more efficiently. 
Whichever of these alternatives is correct, it would 
appear that exposure to cold has brought about an 
aeration m normal metabolic pathways, and 
efforts are being made to investigate the possibilities 
more fully. 

SUIVIMARY 

1. When a hypolipotropic diet of moderate fat 
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2. This ‘pseudolipotropic’ action is a matter of 
degree, however, for with a high -fat (50%), low- 
choline diet lipids accumulate in the liver. The fat 
content of the liver is significantly less than in control 
animals kept at room temperature on the same type 
of diet. 

3. The pseudolipotropic action of cold is demon- 
strable in acclimatized as well as in normal animals, 
and is apparently not mediated to a recognizable 
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extent through either the thyroid or the adrenal 
gland. 
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EXPLANATION OF PLATE 3 

[а) Livers &om (left) a rat fed the hypolipotropic diet for 8 weeks in an environment of 1-5°, and (right) from a rat fed 

the same diet for the same period at room temperature. The liver from the control animal is yellowish in colour and 
is much larger than that of the rat kept in the cold. 

(б) Photomicrograph of fiver tissue (Orange red 0 x 135) from a rat fed a hypolipotropic diet for 8 weeks in an environ- 
ment of 1*5°. The appearance of the section is essentially normal. 

(c) Photomicrograph of fiver from rat fed the same diet but kept at room temperature. Note the globules of fat deposited 
throughout the lobule. 
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with Di-2-chloroethylmethylamine 
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{Beceived 30 Hovemher 1951) 


When, proteins are treated with ‘sulphur mustard’ 
(mustard gas ; di-2-chloroethyl sulphide) they rmder- 
go a slight modification of their immunological 
properties, and the injection of mustard gas- 
treated proteirs into rabbits may lead to the forma- 
tion of antibodies capable of reacting specifically 
with any mustard gas-treated protein (Berenblum 
& Wormall, 1939; Boursnell, Francis & Wormall, 
1946o). It was suggested (Berenblum & Wormall, 
1939) that acquired hypersensitivity to mustard 
gas might be partly due to an immimological change 
in the tissue proteins exposed to mustard gas, i.e. to 
the formation of ‘foreign’ proteins and subsequent 
production of specific antibodies. This view was 
later supported by the induction of hypersensitivity 
in laboratory animals by the application of mustard 
gas (Holiday, 1942; ELidd & Landsteiner, 1944; 
Moore, 1944). More recently, Fleming, Moore & 
Butler (1949) have shown that in the presence of 
phosphate buffer at pH 7-5 or 9, mustard gas reacts 
with proteins to give complexes which contain 
residues of diethyl sulphide, phosphate and protein, 
and that when the mustard gas-protein complexes 
prepared with added phosphate at pH 8-9 are in- 
jected into rabbits they give rise to strongly pre- 
cipitating antisera. 

The nitrogen mustards also react with a 
few enzymes and other proteins. Di-2-chloro- 
ethylmethylamine (CHj . N . (CH ^ . CHiCljj.) , e.g., 

strongly iniiibits hexokinase (Dixon & Needham, 
1946), cholinesterase (Thompson, 1947 ; Adams & 
Thompson, 1948), and choline oxidase and choline 
acetylase (Barron, Bartlett & Miller, 1948). It has 
been shown that this nitrogen mustard reacts with 
the amino, carboxyl, sulphydryl, sulphide and 
pjTidine groups of proteins (cf. Fruton, Stein & 
Bergmann, 1946; for other references see Gilman & 
Philips, 1946; Boyland, 1948; Philips, 1950; 
Kamofskj% 1950) and that it rapidly inactivates 
the protein components of haemolytic complement 
(Watkins & Wormall, 1948, 1952). 

In view of the fairly widespread clinical use of the 
nitrogen mustards for the treatment of Hodgldn’s 
and certain other neoplastic diseases, we decided to 

* Present address: Lister Institute of Preventive Medi- 
cine, London, S.W. 1. 
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study the immimological properties of proteins 
treated with the nitrogen mustards. One of the 
objects of this work was to determine whether anti- 
bodies specific for nitrogen mustard-treated pro- 
teins could be produced by the repeated injection of 
nitrogen mustard or nitrogen mustard proteins; 
any antibody response of this type might indicate 
the possibility of hypersensitivity' occurring in 
patients subjected to prolonged treatment with the 
nitrogen mustards. It was also hoped that tliese 
immunological and chemical studies might yield 
information about the mode of action of the nitrogen 
mustards on amino -acids, peptides and proteins. 


EXPERIMENTAL 

Nitrogen mustard {NM). The only MI used in these 
experiments was di-2-ohloroethylmethylaniine hydro- 
chloride (code no. HN2). After the addition of the solid to 
protein solutions, the njixtnres were shaken gently until the 
solid had dissolved. When NM was intravenously injected 
into rabbits, tbe sobd was quickly dissolved in a small 
volume of 0-9% (w/v) NaCl and the solution injected 
immediately. 

OuaiJmmin. Hen ovalbumin, prepared by (NHdjSOi pre- 
cipitation, was recrystallized three times (cf. Cole, 1933). 


Antigens 


Tbe general method used for the preparation of the NM- 
treated proteins (NM proteins) was as follows. The NM was 
added, in portions, to the protein solution kept at 37°, and 
(w/v) NajCOj was added to the mixture, when required, 
to maintain the pH at about 7-6, or in a few experiments 
7-5-8-0. One-quarter of the NM was added at the start and 
the same amount about 4 hr. later, and this treatment was 
repeated tbe ne.xt day. On the third day the mixture was 
again kept for 8 hr. at 37°, this time without further addition 
of ML The mixtures were kept overnight in the refrigerator 
during this period. 


With a few exceptions (the antigens designated A, C and 
£ below) tbe products were then dialysed against frequently 
changed 0 - 90 /, NaCl for 48 hr. at 4°, to remove transforma! 
bon or hydrolysis’ products of NM. Dilute HCl or Na,C0 
was added where neeessaiy to bring to pH 7-4, Merthiolate' 
® preservative, and the solutions were 
Shf investigations we observed 

that the NM used has a very powerful bactericidal action 

butweeontmuedtoaddMerthiolatetotheantigensoIuS 


37 
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prepared for storage since it was considered possible that the 
bactericidal activity of the nitrogen mustard might be due 
to some of its unstable cyclic transformation products. 

When most of this work had been completed, the paper by 
Fleming et al. (1949) appeared, describing the effect of 
phosphate on the reaction between ordinary mustard gas 
and proteins. Since it seemed possible that phosphate 
might similarly affect the reaction between NM and proteins, 
a few further experiments were made with antigens pre- 
pared in the presence of extra phosphate. 

The following antigens were prepared by the general 
method described above, with occasional slight modification 
(detailed below). These antigen preparations contained 
hydrolysis products of NM. No attempt was made in the 
preparation of antigens A, G and E to remove these im- 
purities since it was thought that the treatment involved, 
for example, dialysis or the precipitation of the protein 
complexes by ethanol, might split NM-protein linkages. 
Control tests showed that any hydrolysis products of 
nitrogen mustard likely to be present after these antigen 
preparations had been kept for several weeks would not in 
any way affect precipitin or complement- fixation tests. 

Antigens for immunization 

. (i) NM ovalbumin. Preparation A was made by the 
action of NM (1-5 g.) on a solution of crystalline ovalbumin 
(100 ml. containing 7-6 g. of protein). Preparation B (extra 
phosphate) was made similarly, but 0-5M-phosphate buffer 
of pH 8-0 (60 ml.) was added to the ovalbumin solution 
before addition of the NBI. 

(ii) NM horse serum proteins. Preparation G: normal 
horse serum (100 ml.) was treated with NM (0-80 g.). Pre- 
paration D was made similarly, with O-fiM-phosphate buffer 
of pH 8-0 (50 ml.) added to the horse serum. 

Test antigens 

In the precipitin and complement-fixation tests, the 
following antigens were used in addition to the above- 
described immunizing antigens. All the test-antigen 
solutions had a pH of about 7-4. 

(i) NM rabbit serum proteins. Preparation E: normal 
rabbit serum (10 ml.) was treated with NM (80 mg.). The 
same method was used for preparations F (extra bicarbonate) 
and O (extra phosphate), except that additional buffers, 
O-SM-NaHCOs-HjCOs (pH 7-5) (5 ml.) and 0-5M-phosphate 
(pH 8-0) respectively, were added to the rabbit sermn. 

(ii) NM gelatin. Preparation H\ N&I (300 mg. added in 
three 100 mg. portions at intervals of a few hours) was 
added to a mixture of a gelatin solution (500 mg. in 30 ml.) 
and O-Ssi-NaHCOs (50 ml.) and the solution kept at 37“ and 
pH 7-5-8'0 for 48 hr. In the preparation of the ‘ phosphate- 
antigen’ (J) 0-5M-phosphate buffer (20 ml.) was used in- 
stead of NaHCOj. 

N M-treated amino-acids. Many attempts were made to 
prepare NM-amino-acid derivatives for use in precipitin- 
inhibition tests. Details of the methods used are given in the 
text. 

Methods 

Nitrogen determinations. Total N was determined by the 
micro-Kjeldahl method, using the Markham (1942) distil- 
lation apparatus. The Van Slyke (1912) volumetric method 
was used for the determination of a-amino N. 
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Immunization. In view of the weak specific antibody 
response following the injection of proteins treated with 
sulphur mustards (Berenblum & Wormall, 1939; Boursnell 
et al. 1946o), we decided to use several immunization 
methods in our attempts to get antibodies specific for N5I 
proteins. 

(o) Intravenous injection of NM. Solutions of NM 
hydrochloride in 0-9 % NaCl were injected into the ear veins 
of rabbits on 4 successive days. After an interval of 12 days 
each rabbit received a further course of four similar in- 
jections, except no. 572 which received two injections only, 
because of badly damaged ear veins. The amounts of Nil 
hydrochloride injected at each injection were 0-1 mg. 
(rabbits nos. 623 and 563), 0-2 mg. (nos. 614 and 619) and 
0-3 mg. (nos. 572 and 576) per kg. of body weight. Blood 
samples were taken 7 and 14 days after the final injections, 
and the sera were tested for antibodies capable of reacting 
with NM proteins. 

(6) Intramuscular injection of alum-precipitated antigens. 
The protein complexes were precipitated by potassium 
alum at pH about 6-5, as recommended by Broom (1943), 
and each rabbit received an intramuscular injection of 5 ml. 
of a suspension (containing about 17 mg. of protein/ml.) 
into each hind leg. A course of three injections was given, at 
intervals of 12-14 days, and the sera were tested 10 days 
after each injection. 

(c) Intraperitoneal injections. The antigen solution 
(5 ml.) was injected intraperitoneally, and each rabbit, 
except no. 686 which died 10 days after the third injection, 
received five injections at intervals of 9-12 days. Precipitin 
tests were made on the blood serum samples taken 9 or 
10 days after the third and subsequent injections. 

In aU, twenty-seven rabbits were immunized by methods 
(5) and (c), and details of the antigens and the mode of 
immunization are given in Table 1 . The antisera were filtered 
through Berkefeld filters and stored in sterile tubes at 0-4°. 

Table 1 . Details of immunizations with 
NM proteins 


(IM, intramuscular injections of the alum-precipitated 
antigen; IP, intraperitoneal injections.) 



Rabbits 

Immunizing 

Mode of 

Group 

(nos.) 

antigen 

injection 

1 

731, 744, 
746, 747 

NM horse serum 
(preparation C) 

IM 

2 

734, 750, 
761, 764 

NM ovalbumin 
(preparation A) 

IM 

3 

556, 654, 
671, 708, 

727 

NM ovalbumin 
(preparation A) 

ni 

4 

795, 809, 

841 

NM ovalbumin* 
(preparation B) 

IP 

5 

679, 681, 

686 

NM horse serum* 
(preparation D) 

IP 

6 

689, 719, 
837, 840 

NM ovalbumin* 
(preparation B) 

IM 

7 

666, 692, 
797, 854 

NM horse serum* 
(preparation D) 

EM 


* Antigens prepared in the presence of extra phosphate. 

Precipitin tests. These were made as described previously 
(Hopkins & Wormall, 1933). The tests with NM gelatin as 
test antigen were made at room temperature. 
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Precipitin-inhibition tests. The ' substance or mixture 
being tested for inhibitory power was dissolved in 0-9% 
NaCl to give a 1 % (w/v) solution, or, with sparingly soluble 
substances, a saturated solution (at room temperature) was 
prepared. The solution was neutralized and varying amounts 
( 1_4 vol.) were added to the antigen solution (1 vol.) ; 0-9 % 
NaCl was then added (to give a total of 6 vol.). Antiserum 
(2 vol.) was added and the mixtures were shaken and kept at 
37°. The extent of precipitation was noted after 15 min., 
1 and 3 hr. 

Complement-fixation tests. These were carried out as 
described previously (Berenblum & Wormall, 1939), but 
with a sensitized sheep erythrocyte system. 

RESULTS 

Intravenous injection of NM into rabbits 

The sera of six rabbits which were given frequent 
injections of NM contained no antibodies capable of 
precipitating NM ovalbumin. Thus no evidence was 
obtained that the injection of NM leads to the pro- 
duction of antibodies specific for NM proteins, even 
when the amount injected is appreciably greater 
than that injected into patients suffering from 
Hodgkin’s and some other neoplastic diseases. The 
amount of NM injected into man varies very con- 
siderably, but a widely adopted method is a course 
of injections of OT mg ./kg. of body weight on each 
of 4 successive days, with a second similar course 
some weeks or months later. In our experiments 
doses three times as large as these, with a second 
course after an interval of 12 days, failed to elicit the 
formation of antibodies specific for NM proteins. 


Injection of NM proteins 

Although antibodies specific for NM proteins 
could not be detected in the serum of rabbits 
following the injection of NM, the possibility of 
antibody production in the tissues of these injected 
animals cannot be excluded. We decided, therefore, 
to study the effect of injecting preformed NM 
proteins. Horse serum proteins and ovalbumin, 
previously treated with NM, were injected intra- 
peritoneally or intramuscularly (as the alum- 
precipitated antigen) into several groups of rabbits, 
and the sera of these animals were tested at intervals 
for antibodies capable of reacting, in precipitin and 
complement-fixation tests, with various NM- 
proteins. 

Some of the injected rabbits had no detectable 
‘NM protein -specific’ antibodies in their serum at 
any time during the long immimization ; all pro- 
duced antibodies which precipitated the injected 
antigen or the corresponding imtreated protein 
(horse serum proteins or ovalbumin), showing that 
the injected complexes were fully antigenic. Thus 
treatment with considerable amounts of ITM at 
pH 7-5-8 does not destroy the antigenicity of oval- 
bumin or the serum proteins. 

The sera of seven of the twenty-seven injected 
rabbits gave, at some stage in their immunization, 
weak but significant precipitin reactions with NDI 
proteins different from those used for immrmiza- 
tion. For example, the injection of NM horse serum 
proteins occasionally gave rise to antibodies which 


Table 2. Precipitin reactions with antisera to proteins treated with 

(Precipitin reactions are recorded, as follows: -, (no reaction); tr., (trace)- + + 
of precipitation.) ’ ’ 


nitrogen mustard (NM) 

+ ±, + -1- etc., in increasing degrees 


Antigen 
N5I ovalbumin 


NM horse serum proteins 


NM rabbit serum proteins 


Ovalbumin 


Horse scrum proteins 


Concentration 
of antigen 
solution 
(%) 

0-25 

0-05 

001 

0002 


0-25 

0-05 

0-01 

0002 

0-25 

0-05 

001 

0002 


Antisera against 

— — - JL 

NM ovalbumin 

.A 

NM horse 

serum proteins 

No. 751 

No. 754 

'No. 746 

- ^ 

No. 747 ' 

+ + -#* 

+ -1- -f 

_ 


+ + -4- 

-f -t- -b 



+ + 

-b -b 

± 



tr. 


_ 


- 

-b± 

+ ± 


± 

+ +± 

+ 

+ -b± 

-b 



tr. 


tr. 

tr. 

a_ 

- 


- 

tr. 

± 

tr. 


0-25 

O-Oo 

0-01 

0-002 

0-25 

003 

0-01 

0-002 


+ ± 
± 
tr. 
tr. 


tr. 


+ ± 
± 
tr. 
tr. 

tr. 


+ ± 
■f -t± 
+ ± 
tr. 


+ ± 
+ +± 
+ ± 


37-2 
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gave precipitates with NM ovalbumin or NM rabbit 
serum proteins, but not with NM gelatin. Typical 
results of these reactions are given in Table 2. No 
evidence was obtained that the speciSc antibody 
response depended on the particular NM protein 
injected or on the mode of immunization. The 
results with the NM protein antigens prepared in 
the presence of phosphate were not significantly 
different from those obtained with antigens pre- 
pared without added phosphate. 

Complement-fixation tests fully confirmed this 
observation that antibodies specific for NM proteins 
were occasionally produced in the injected rabbits. 
Typical results (Table 3) showed that the sera of 
some of the rabbits injected with NM ovalbumin 
reacted with heterologous NM proteins, e.g. NM 
liorse serum proteins. No complement fixation was 
obtained when normal horse serum proteins were 
used as the antigen in these tests with antisera to 
NM ovalbumin. 

Table 3. Gomplement- fixation tests with antisera 
to.NM ovalbumin 

(Mixtures of 0-5 ml. of the diluted antigen (of concentra- 
tion recorded in column 1), O-IO ml. of antiserum (pre- 
viously heated at 56° for 20 min. to inactivate any com- 
plement present) and OdO ml. of dilute guinea pig serum 
(1 vol. of serum plus 4 vol. of 0-9% NaCl) were kept at 
room temperatme for 1 hr. After the addition of 0-5 ml. of 
a 3% suspension of sensitized sheep erythrocytes to each 
tube, the mixtures were shaken and kept at 37°, and the 
extent of haemolysis was noted at intervals. The readings 
recorded in this table were those after 1 hr. Degrees of 
haemolysis; 0, none; tr., trace; 1, 2 and 3, increasing 
degrees of haemolysis; 4, complete haemolysis.) 


Concentration 
of antigen 
(NM horse 
serum proteins) 

Degree of haemolysis 

/ 

Antiserum 

Antiserum 

(mg./lOO ml.) 

no. 750 

no. 734 

250 

4 

4 

83 

4 

4 

28 

3 

4 

9-3 

2 

3 

3-1 

tr. 

2 

1-0 

0 

1 

0-34 

0 

0 

0-11 

0 

0 

0-038 

0 

0 

0-013 

0 

tr. 

0-004 

tr. 

1 

None (control) 

4 

4 


Attempts to obtain specific inhibition of the 
reaction between NM proteins and their antibodies 

Our immimological and chemical evidence 
suggests that the slight change in the immuno- 
logical properties of proteins effected by NM is due 
to the combination of NM and the protein. It is 
conceivable, therefore, that a suitable NM amino- 
acid or NM peptide might be found which wotild 
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specifically inhibit the NM protein antigen-anti- 
body reaction, for example the precipitin reaction 
between NM ovalbumin and antibodies to NM horse 
serum globulins. Specific inhibition of this type 
would, of course, provide useful information about 
the nature of the protein groups to which the NM 
becomes attached. 

Attempts were made to isolate products formed 
by the action of NM on various amino -acids, and in 
these experiments, as in the . preparation of NM 
protein antigens, we kept the conditions as near as 
possible to the physiological, namely temperatures 
not exceeding about 37° and a pH of 7-5-8-6. 
Fruton, Stein & Bergmann (1946) describe the 
reduction of free amino nitrogen which occurs 
when solutions of various amino-acids are shaken 
with NM at pH 8-8'5 and 25°, and they isolated 
from NM plus phenylalanine a reaction product to 
which they gave the formula 

CH3N(CH2 . CH 2 . NH . CH(CH2 . CeHg) . C00H)2 . 

Our efforts to prepare this piue substance have, 
imfortvmately, been tmsuccessful, and so have our 
attempts to obtain pure NM derivatives of glycine, 
lysine and cysteine. The method 'we used was 
essentially that described by Fruton, Stein &■ Berg- 
mann (1946), and although with all these amino- 
acids we observed a considerable reduction (24-41 %) 
in the free amino nitrogen and a complete loss of free 
SH when cysteine was used, we were imable to sep- 
arate crystalline reaction products ; in some instances 
we attempted, without success, to separate the NM 
amino-acid derivatives as copper salts, a method 
foxmd satisfactory for a mustard gas derivative of 
glycine (Bomsnell, Francis & “Wormall, 19466). 
Since, however, the relatively crude products 
differed from the original amino-acids in total 
nitrogen and free amino -nitrogen contents, it was 
decided to find out whether they specifically in- 
hibited the NM protein antigen-antibody reaction. 

In a further search for inhibitory substances and 
as part of a more general study of the action of NM 
on proteins, we investigated the action of NM on 
nucleic acid and glutathione. 

(o) Yeast nucleic acid (British Drug Houses) was 
purified by dissolving the sodium salt in water and precipi- 
tating the acid at pH 1-5-3-0. After it had been washed 
successively with ethanol and ether and dried at 50°, the 
product (0-5 g.) was dissolved in O-OM-NaHCOj-HjCOj 
buEFer of pH 7-5 (20 ml.) and mixed with a freshly prepared 
neutralized solution of NM (0-25 g.) in about 4 ml. of water. 
The mixture was kept at room temperature for 24 hr. and 
three fractions were separated by treatment with n-HCI: 
(A) a light-brown solid (0-43 g.) precipitated over the range 
pH 2-4, (jB) an almost white solid (0-06 g.) precipitated at 
pH 1-2, and (C) a white solid {0-03 g.) precipitated from the 
mixture at pH 1, after the removal of fraction (B), by adding 
excess of ethanol. All these fractions were washed with 
ethanol and then with ether, and finally dried in vacuo. They 
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were not sufficiently pure for complete analysis, but N and P 
determinations were made on the two largest fractions (A) 
and (B) ; these had N/P ratios of 2-06 and 1-95 respectively, 
eompared rvith a ratio of 1’79 for the untreated purified 

nucleic acid. x . « r 

(6) A freshly prepared solution of N]\I (400 mg.) in 0*oM- 
NaHCOg-HaCOa buffer of pH 7-5 (6 ml.) ^vas added to a 
solution of glutathione (300 mg.) in NaHGOg buffer (5 ml.) 
and the mixture was kept at room temperature. After 
30 min. there was no free SH detectable by nitroprusside, 
and in the course of 48 hr. there was a 48 % reduction in the 
free amino nitrogen of the solution. The mixture was then 
concentrated to a syrup in vacuo over H2S04 at room tem- 
perature, and the crystalline material which separated was 
rubbed with acetone to give a flocculent powder which was 
washed with acetone and dried. The remaining syrup was 
kept for some time in vacuo over cone. H2SO4, and the 
gelatinous solid obtained was rubbed with acetone, giving 
a powder which was washed with acetone and dried. In view 
of the inability of these products to inhibit the protein 
serological systems, no attempts have so far been made to 
purify and identify them. 
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dialysis against 0-9 % NaCl at 4°, effected no signifi- 
cant loss of the power of these NM proteins to give 
precipitates with antisera to NM ovalbumin. A 
slight loss of precipitability occurred in solutions at 
pH 11 kept for 16 hr., but this reduction was most 
probably due to denaturation rather than removal of 
NM groups, since there was a corresponding de- 
crease in the capacity of the NM protein complex to 
precipitate antibodies to untreated horse serum 
globulins. 

With regard to precipitation by acid, it was foimd 
that the NM serum proteins, prepared by the action 
at pH 7-5 of either freshly prepared aqueous solu- 
tions of NM or NM solutions which had been 
allowed to hydrolyse (for example, at 37° for 4 hr. 
followed by 18 hr. at 4°), could not be precipitated 
by adding dilute acid. In this respect, therefore, the 
action of NM resembles that of ‘sulphur mustard’ 
and differs from that of mustard gas sulphone. 


Precipitin inhibition tests with the above- 
mentioned NM-treated amino -acids, nucleic acid 
and glutathione showed that these products had no 
specific inhibitory effect on the NM protein antigen- 
antibody system. Where inhibition occurred it was 
of a non-specific nature, for the product concerned 
inhibited unrelated precipitin reactions. No inhibi- 
tion was obtained with some ‘hydrolysfe’ products 
of NM (namely <ii-2-hydroxyethylmethylaniine, 
2-chI6roethyl-2-hydroxyethylmethylamme and the 
dimer, iVN'-di(2-chloroethyl)-NN’'-dimethylpiper- 
azinium chloride), or with the following NTM de- 
rivatives; a crystalline compound formed by the 
interaction of Nkl and di-2-hydroxyethylmethyl- 
amine (Fruton, Stein, Stahmann & Golumbic, 

1946) and the hexamethylenetetraminium de- 
rivative formed by the action of NM on hexa- 
methylenetetramine (Gurin, Deluva & Crandall, 

1947) . 

The stability of the NM protein complexes 

It was not possible in these investigations to 
determine the number of NM residues present in the 
NM protein complexes, and indeed this could only 
be achieved in later investigations with 
labelled NM (Burnop, Richards, Watkins & Wormall 
1951). A few preliminary qualitative experiments 
were made, however, to determine the stability of 
the linkages between the NM and proteins, and 
wliether the treatment of serum proteins with NM 
produces protein derivatives which are precipi- 
tated, as arc the corresponding mustard gas sul- 
phono proteins, by the addition of dilute acid. 

Dialysis of NM horse serum proteins for 4 days at 
4° against frequently changed 0-9 % NaCl, or their 
mamtennnee in acid or alkaline solution (over the 
range pH 3-9) for 16 hr. at 37° and subsequent 


DISCUSSION 

The extensive work of Landsteiner and his col- 
leagues (for the literature, see Landsteiner, 1936, 
1945) has shown that many simple organic com- 
pounds produce, when introduced into the animal 
body, a condition of hypersensitivity because they 
react with the body proteins to form immunologic- 
ally foreign conjugates. Induced hypersensitivity 
to ordinary mustard gas has been explained in this 
way (Berenblum & Wormall, 1939), and if NM 
combines firmly with proteins the risk of producing 
allergic reactions by injecting nitrogen mustard 
must be considered. 

Our investigations show that when the serum 
proteins and ovalbumin are treated with nitrogen 
mustard under physiological conditions of pH and 
temperature, these proteins imdergo modifications 
in their immunological properties. The complexes 
formed produce antibodies specific for NM-treated 
proteins in some, but not all, of the injected rabbits. 
This alteration in the immunological properties of 
the proteins is, however, very slight, since specific 
antibody formation was only occasionallyproduced. 
NM undoubtedly combines firmly with proteins, as 
was indicated by the investigations described here 
and move fully established by our quantitative 
studies with nitrogen mustard labelled with ^^N 
(Bumop et al. 1951), and it is surprising that the 
specific antibody production following the injection 
of NM-treated protein is not stronger and more 
frequent. The specific antisera produced by the 
mjection of sulphur mustard -proteins were not very 

* WormaU, 1939; Boursnell 
et at. 1946a), but they were more powerful than the 
anti^ra to NM proteins produced in the experi- 
ments described here, and they were obtained in a 
higher percentage of injected animals 
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This infrequency of specific antibody production 
follo'wdng the injection of NjNI proteins may be due to 
the fact that relatively few NM residues become 
attached to each protein molecule, and since some of 
these groups can be detached by long dialysis 
(Bumop et al. 1951), the injected 201 proteins may- 
soon lose many of their determinant lOI groups. 
Another possible explanation is that 201 might act 
on proteins mainly by a cross-linldng action. 
Haddow, Kon & Ross (1948) showed that the 
cytotoxic activity of a series of halogenoallcylaryl- 
amines could be related to the presence of two halo- 
genoalkyl groups in the molecule, and Goldacre, 
Loveless & Ross (1949) suggested that cross-linldng 
might accoimt for the action of the nitrogen 
mustards in producing chromosome abnormalities 
(see also Loveless & Revell, 1949; Loveless, 1951). 
According to this view two reactive groups are re- 
quired in the ISTM molecule to permit it to react at 
two distant points either on the same fibre or on two 
contiguous fibres. Cross-linking of this type might 
explain why 2WI-treated proteins differ so little 
immunologically from the unchanged protein, for 
with a cross-linking mechanism there would be no 
characteristic determinant grouping projecting 
from the 2121 protein molecule. 

Whatever the explanation, it appears that the 
injection of 2121 or of 2121-treated proteins into 
rabbits rarely leads to the production of antibodies 
specific for R2I proteins and this is supported by 
clinical evidence. There are apparently few, if any, 
cases of allergic reactions in man attributable to the 
intravenous injection of the nitrogen mustards. 
Rurthermore, Hartman, 2Iangun, Feely & Jackson 
(1949) found no evidence of antigenic effects when 
man and dogs were given repeated injections of 
plasma to which 2BM had been added as a preserva- 
tive. On the other hand, 2Ioore & Rockman (1950) 
have recently found that skin hypersensitivity to 
one of the nitrogen mustards (di-2-cliloroethyl. 
ethylamine) can be induced in man by a single 2121 
bum or preferably two successive bums with a 
week’s interval between the applications of 212-1 ; no 
erddence was obtained of simple cross-reactions 
between sulphur mustards and 2121 in these sensi- 
tivity tests. These observations of 2Ioore & Rock- 
man suggest that the possibility of occasional pro- 
duction of hj'persensitivity to 2121 should not be 
overlooked. 

21itrogen mustards such as di-2-chloroethyl- 
methj'lamine react with many groups in the protein 
molecule (cf. reviews by Philips, 1950, and Kamof- 
skj', 1950) and they degrade deoxyribonucleic acid 
solutions as shown by a decrease in viscosity 
(Gjessing & Chanutm, 1946; Butler, Gilbert & 
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Smith, 1950; Butler & Smith, 1950). Itisnotloiown, 
however, which parts of the protein molecule are 
primarily concerned when 2121 effects its character- 
istic biological actions, including the slight sero- 
logieal change described in this paper. Our attempts 
to obtain information on this point by serological 
inhibition tests have so far been imsuccessful, for we 
have not been able to obtain any 2121 amino-acid 
derivative or any similar preparation which will 
specifically inhibit the reaction between 2121 pro- 
teins and their antibodies. With the aid of 2121 
labelled with and we are making a further 
study of the action of 2121 on proteins and tissue 
constituents, and it has now been possible to deter- 
mine the amoimt of N2I which combines firmly 
tmder physiological conditions with the serum and 
other proteins (Bumop et al. 1951). Quantitative 
data about the combination of N2I and nucleic acids 
has also been obtained (Bumop, Richards & 
Wormall, 1952), and it is hoped that these quanti- 
tative studies will throw some light on the immuno- 
logical results reported here. 

SU2I2IARY 

1. Antibodies capable of reacting with 2121 
(nitrogen mustard) -treated proteins could not he 
detected in the sera of rabbits which had received a 
series of intravenous injections of di-2-chloroethyl- 
methylamine, one of the nitrogen mustards fre- 
quently used therapeutically. 

2. The sera of rabbits which had been given a 
course of injections of 2121-treated proteins (horse 
serum proteins or ovalbxunin treated -with 2121 at 
37° and pH 7-6-8-0) occasionally contained anti- 
bodies capable of reacting specifically with 2121 pro- 
teins, including 2121-treated rabbit serum proteins. 

3. This specific antibody production was, how- 
ever, very weak and infrequent. It is concluded that 
the risk of hypersensitivity following frequent 
exposure to 2121 or a series of intravenous injections 
of the drug, is slight, at least with the rabbit. 

4. The complexes formed when 2121 acts on 
senun proteins or ovalbumin are comparatively 
stable, and the 2121 protein does not lose its sero- 
logical specificity as a result of long dialysis. 
Attempts to obtain a 2121 amino-acid compound 
capable of specifically inliibiting the N2I protein 
antigen-antibody reaction have been unsuccessful. 

We are pleased to express our indebtedness to the 
2Iedical Research Council for a personal grant to one of us 
(W.2I.W.), and to this Council and the British Empire 
Cancer Campaign for grants which have partly covered the 
cost of these investigations. 



Vol. 51 


SEROLOGY OE NITROGEN MUSTARD PROTEINS 


583 


REFERENCES 


Adams, D. H. & Thompson, R. H. S. (1948). Biochem. J. 42, 
170. 

Barron, E. S. G., Bartlett, G. R. & hliUer, Z. B. (1948). 

J. exp. Med. 87, 489. 

Berenhlum, I. & Wormall, A. (1939). Biochem. J . 33, 76. 
BoursneU, J. C., Francis, G. E. & WormaU, A. (1946o). 
Biochem, J. 40, 768. 

BoursneU, J. C., Francis, G. B. & WormaU, A. (19466). 
Biochem. J. 40, 737. 

Boyland, E. (1948). Biochem. Soc. Symp. 2, 61. 

Bumop, V. C. E., Richards, D. E., Watkins, W. M. & 
WormaU, A. (1951). Nature, Bond., 168, 251. 

Bumop, V. C. E., Richards, D. E. & WormaU, A. (1952). 
To be published. 

Butler, J. A. V., GUbert, L. A. & Smith, K. A. (1950). 
Nature, Bond., 165, 714. 

Butler, J. A. V. & Smith, El. A. (1950). J. chem. Soc. p. 3411. 
Cole, S. W. (1933). Practical Physiological Chemistry, 9th ed. 

Cambridge: W. Heffer and Sons. 

Dixon, JI. & Needham, D. M. (1946). Nature, Bond., 158, 
432. 

Fleming, D. S., Moore, A. M. & Butler, G. C. (1949). Biochem. 
J. 45, 546. 

Fruton, J. S., Stein, W. H. & Bergmaim, M. (1946). J. org. 
Chem. 11, 559. 

Fruton, J. S., Stein, W. H., Stahmann, M. A. & Golumbic, C. 

(1946). J. org. Chem. 11, 571. 

Gilman, A. & PhUips, F. S. (1946). Science, 103, 409. 
Gjessing, E. C. & Chanutin, A. (1946). Cancer Res. 6, 593. 
Goldacre, R. J., Loveless, A. & Ross, W. C. J. (1949). 
Nature, Bond., 163, 667. 


Gurin, S., Deluva, A. M. & CrandaU, D. I. (1947). J. org. 
Chem. 12, 608. 

Haddow, A., Kon, G. A. R. & Ross, W. C. J. (1948). Nature, 
Bond., 162, 824. 

Hartman, F. W., Mangun, G. H., Fcely, N. & Jackson, E. 

(1949). Proc. Soc. exp. Biol., N.T., 70, 248. 

HoUday, E. R. (1942). By communication. 

Hopkins, S. J. & WormaU, A. (1933). Biochem. J. 27, 
740. 

Kamofsky, D. A. (1950), A chapter in Advances in Internal 
Medicine, vol. 4, ed. by Dock, W. & Snapper, I. Chicago: 
The Year Book PubUshers. 

Kidd, J. G. & Landsteiner, K. (1944). By commumcation. 
Landsteiner, K. (1936). New Engl. J. Med. 215, 1199. 
Landsteiner, K. (1945). The Specificity of Serological Re- 
actions, revised ed. Cambridge, Mass.: Harvard Uni- 
versity Press. 

Loveless, A. (1951). Nature, Bond., 167, 338. 

Loveless, A. & ReveU, S. (1949). Nature, Bond., 164, 938. 
Markham, R. (1942). Biochem. J. 36, 790. 

Moore, A. M. (1944). By communication. 

Moore, A. M. & Rockman, J. B. (1950). Canad. J. Res. (E), 
28, 169. 

Philips, F. S. (1950). Pharmacol. Rev. 2, 281. 

Proom, H. (1943). J. Path. Bact. 55, 419. 

Thompson, R. H. S. (1947). J. Physiol. 105, 370. 

Van Slyke, D. D. (1912). J. biol. Chem. 12, 275. 

Watkins, W. M. & WormaU, A. (1948). Nature, Bond., 162, 
635. 

Watkins, W. M. & WormaU, A. (1952). Biochem. J. (in the 
Press). 


The Determination of Plasma Fibrinogen by the Clot -Weight Method 


By G. I. C. INGRAM 
Department of Surgery, University of Edinburgh 


{Received 20 November 1951) 


The clot-weight technique is a convenient method 
for the determination of plasma fibrinogen. The 
result is obtained as fibrin with sufficient accuracy 
for clinical purposes. Nevertheless, certain possible 
causes of error appear not to have received attention 
and these have been investigated. 

METHODS 

Plasma. 9 vol. of human blood are received from a 
paraffined syringe into 1 vol. of sodium citrate solution 
containing 3-8 g./lOO ml. and the mixture is centrifuEed at 
2000 rev./rain, for 30 min. 

• of fibrinogen determination. The citrated plasma 

18 diluted with an approximately equal vol, of 0'0253i-CaCl 
solution and aUowed to stand at 37°. The fibrin is wound off 


on to a wooden applicator until no further clot forms, 
washed in distiUed water, roUed off the rod, drained between 
ffiter papers, puBed out thin (when of sufficient bulk), de- 
hydrated first in acetone and then in air at 105° for 3 hr. 
and weighed. ’’ 

_ From the haematoorit of the citrated blood the calcula- 
tion is made as foUows : 


Plasma fibrinogen content = 

sample volume 

volume of citrated plasma in 10 ml. citratei 
X blood sample (from haema toorit) 
volume of citrated plasma - volumi^fdti^ 

® effect of the citrate upc 

thLuht fluid partition, but error from this cause 
peS compared with differences betwee 
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EXPERIMENTAL 

Formal experiments were made to determine the 
effect of certain variables in technique which in 
practice it may not always be possible to standardize. 

Effect of sample storage. It may not always be 
possible to make determinations on fresh samples. 
Beginning, therefore, 3 hr. after the blood was drawn, 
triplicate determinations were made on 8 successive 
days (except the fifth) on 5-0 ml. samples from a 
quantity of plasma stored in glass at about 4°. 

The data are shown in Table 1. Analysis of the 
results showed a significant linear regression in- 
creasing on days over the 8 days, but as no effect was 
apparent rmtil the fourth day after venepuncture, 
storage errors would appear to be seldom of prac- 
tical consequence. 

Table 1. Effect of storage on clot weight 

(Weights of clots from 5-0 ml. portions of a sample of 
plasma stored at 4° and tested 3 hr. after withdrawal 
(day 0) and on subsequent days for 1 week.) 

Eeph cate clot weights (mg.) 


Day 

1 

2 

3 

Mean 

0 

14-0 

14-0 

14-5 

14-17 

1 

14-1 

14-0 

13-8 

13-97 

2 

14-5 

— 

14-3 

14-37 

3 

14-3 

13-9 

14-4 

14-20 

4 

14-7 

14-5 

14-4 

14-63 

6 

14-7 

14-5 

14-4 

14-53 

7 

14-4 

14-2 

14-6 

14-40 


Effect of sample volume. From one sample of 
plasma, three replicate determinations were made 
on subsamples of 5-0, 4-0, 3-0, 2-0 and 1-0 ml. In 
eight clinical determinations replicates had also 
been made on unequal volumes. 

The data from the formal experiment are shown 
in Table 2. Comparative analyses were made on the 
two groups of results. The analysis of the fifteen 
experimental determinations showed a significant 

Table 2. Effect of sample volume on clot weight 


Replicate fibrin determinations 
(mg. fibrin/ml. plasma) 


Sample vol, 
(ml.) 

1 

1 

2 

V 

3 

Mean 

5-0 

2-08 

2-18 

2-16 

2-14 

4-0 

2-18 

2-15 

2-25 

2-19 

3-0 

2-20 

2-20 

2-20 

2-20 

2-0 

2-25 

2-25 

2-25 

2-25 

1-0 

2-20 

2-20 

2-30 

2-23 


negative linear regression on volume, equivalent to 
an addition of about 1 • 3 % to the clot weight for each 
ml. decrease in volume below 5-0 ml. A similar (but 
non-significant) association was observed in the 
eight field determinations, differing from subject to 
subject, but equivalent, on the average, to an addi- 
tion of 3-6 % wt./ml. decrease in volume. 


Comparison of recalcification with added thrombin 
for fibrin isolation. As it is theoretically possible 
that sufficient thrombin to clot its fibrinogen content 
might not be available from a given sample of 
plasma, it might be preferable to cause clotting by 
the addition of thrombin (Jones & Smith, 1930). 
Nineteen parallel determinations were therefore 
made on fifteen plasma samples (none from patients 
known to be suffering from one of the haemorrhagic 
diseases) by the recalcification teclmique given 
above and by diluting with 2 or 3 vol. of saline and 
then adding thrombin solution until no further clot 
formed. 

Table 3. Comparison of fibrinogen concentration 
determined with thrombin and by recalcification 

Fibrinogen concentration 
(g./lOOml.) 


Plasma 

Fibrin obtained by 

Fibrin obtained by 

samples 

adding thrombin 

reoalcification 

1 

0-37 

0-37 

2 

0-74 

0-67 

3 

0-44, 0-46, 0-42 

0-46, 0-46, 0-41 

4 

0-63 

0-60 

6 

0-38 

0-36 

6 

0-37 

0-41 

7 

0-57 

0-49 

8 

0-61, 0-61 

0-64, 0-59 

0-32 

9 

0-36 

10 - 

0-48, 0-45 

0-59, 0-48 

11 

0-48 

0-39 

12 

0-43 

0-46 

13 

0-29 

0-39 

14 

0-48 

0-55 

16 

0-59 

0-59 


The data are shown in Table 3. The range of values 
obtained on the fifteen samples was 0-29-0-74 g./ 
100 ml. and inspection shows no systematic 
difference between the series at high or at low levels. 
•The mean difference between the two series was 
0-006 g./lOO ml. in favour of thrombin; i = 0-042 
(P>0-9). The two methods are clearly equivalent 
on the basis of this experience. 

Effect of dilution before recalcifying. It is usually 
recommended that the plasma be diluted with 10 or 
20 vol. of saline before recalcifying, but this might 
lead to significant loss from the solubility of fibrin in 
physiological salt solutions. Six 5-0 ml. replicates 
were determined by the described procedure in 
parallel with six similar replicates from the same 
sample diluted to 45 ml. with 0-9 % (w/v) sodium 
chloride and then recalcified with 5-0 ml. 0-025M- 
calcium chloride. 

The data are showm in Table 4. The mean clot 
weight of the six diluted replicates was 13-73 mg- 
and of the six undiluted replicates, 14-03 mg.; the 
difference in means was 0-30 ±0-11, which is signifi- 
cant (0-02<P<0-05). The lower, diluted value, a 
decrease of about 2 % on the undiluted value, 
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suggests that a little fibrin was lost by solution ; the 
described procedure was therefore preferred; in this 
also, the manipulation of fibrin was found to be 
easier in the smaller volume. 

Table 4. Effect of dilution on clot weight 

(Weights of clots from twelve 5-0 ml. portions of one 
sample of plasma: in six instances the recaloified mixture 


was diluted five times.) 

Clot weight (mg.) 

RepUoates 

Diluted 

» 

Undiluted 

1 

14-1 

14-1 

2 

13-9 

14-0 

3 

13-6 

13-8 

4 

13-6 

14-1 

5 

13-8 

14-1 

6 

134 

14-1 

Mean 

13-73 

14-03 


Ash weight of clot. To exclude systematic error 
from mineral content (Foster & Whipple, 1922), two 
groups of three clots from 5-0 ml. normal plasma 
samples were pooled and weighed. Thereafter they 
were ashed and re-weighed. In neither instance did 
the combined weight of ash from the pooled clots 
exceed the limit of balance error ( ± 0-1 mg.). 
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inverse relation is apparent in the fibrin dry -weight 
dataof Foster & Whipple (1922) and of Howe (1923), 
though in neither report does it receive comment ; in 
Howe’s data the magnitude of the effect is very 
small. The error, about 6 % or less per ml. below 
5 ml., is obviously small compared with differences 
expected between persons, if approximately the 
same volume of plasma, 3—4 ml., is always used. 

Effect of sample dilution. The findings suggest that 
plasma samples should not be much diluted at re- 
calcification, although again the error, a loss of 2 % 
on clot weight with fivefold dilution of the reaction 
mixture, is small compared with differences to be 
expected between persons, 

SUMMABY 

1. Daily determinations on a stored plasma 
sample showed a significant increase of clot weight 
from the fourth day after withdrawal. 

2. There is an inverse relation between sample 
size and determined fibrinogen concentration. 

3. Clot weights obtained by recalcification 
agreed well with those obtained by adding thrombin, 

4. Dilution of the sample at recalcification re- 
duced the weight of clot obtained. 

5. The ash weight of the clot was negligible. 


PLASMA FIBRINOGEN 


DISCUSSION The author is indebted to the Medical Besearoh Council 

. for a grant. It is a pleasure to acknowledge the assistance 

Effect of sample volume. The mverse relation of of Dr P. Armitage of the Medical Research Connofi 
fibrinogen concentration to the plasma sample Statistical Research Unit, London School of Hygiene and 
volume is curious. It is interesting that a similar Tropical Medicine, in the analyses of the numerical data. 
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Bacterial Arylsulphatase 

By j. E. M. IVHITEHEAD 

Department of Bacteriology, St Thomas's Hospital Medical School, London, S.E. 1 

AXD A. R. MORRISON anb L. YOUNG 
Department of Biochemistry, St Thomas's Hospital Medical School, London, S.E. 1 

(Received 31 December 1951) 

It is Imown that in plants and animals there occur 
enzjTnes which catalyse the hydrolysis of sulphuric 
acid esters. These enzymes, the sulphatases, have 
recently been rovierved by Fromageot (1950). The 
sulphatases differ with respect to the type of sub 
phuric acid ester upon which they act, and they 
include arj'lsulphataso (phenolsulphatase), which 
hydroh^es nrjisulphuric acids. The existence of 


smpnatase was first demonstrated by Derrien 
(1911) -who observed that extracts of the sheU fish 
rr. IruncnZws, hydrolyse potassium indoxyl 

was later 

ou^ to be present m Aspergillus oryzae by Neuberg 

available coneerrung its specificity it was named 
p enolsulphatase’ (Neuberg & Simon, 1932). 
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Recently, the more satisfactory name ‘ arylsul- 
phatase ’ has been applied to this enzyme (Robinson, 
Spencer & Williams, 1951). Arylsulphatase has 
been sho-wn to be present in the tissues of higher 
animals (Neuberg & Simon, 1925; Rosenfeld, 1925; 
Hommerberg, 1931; Huggins & Smith, 1947) and 
also in neoplasms of the rat (Huggins & Smith, 
1947). 

Hitherto, no extensive study of the distribution 
of arylsulphatase among bacteria appears to have 
been made. An indication that this enz 3 rme is 
present in some species of bacteria was obtained, 
however, by Barber, Brooksbank & Kuper (1951). 
These workers, while using sodium phenolphthalein 
monoglucuronidate and sodium phenolphthalein 
diphosphate as substrates for the study of glucu- 
ronidase and phosphatase in staphylococci, kindly 
undertook to test the same organisms for aryl- 
sulphatase using, as substrate, potassium phenol- 
phthalein disulphate synthesized by two of us 
(A.R.M. and L.Y.). Of the 160 strains of Micro- 
coccus pyogenes and the seventy-five strains of 
coagulase-negative staphylococci tested by Barber 
et al. (1951), two showed faint phenolsulphatase 
activity. More marked arylsulphatase activity was 
shown, however, by an aerobic sporing bacillus en- 
countered as a contaminant, and by a strain of 
Salmonella schottmuelleri. 

In the present investigation, a wide range of 
bacterial species has been examined for the presence 
of arylsulphatase and some species have been found 
to contain the enzyme. The substrate used for 
testing for the presence of the enzyme was potas- 
sium phenolphthalein disulphate. With some 
bacterial species tests were also carried out using 
potassium 1-naphthylsulphate as substrate. The 
synthesis of potassium phenolphthalein disulphate 
does not appear to have been reported previously 
and an accormt of the method used to prepare the 
compound is given in the present paper, together 
with a description of some of its properties. A pre- 
liminary study of the separation of bacterial aryl- 
sulphatase has been made and an account is given of 
the preparation, from a strain of Mycobacterium 
piscium, of cell-free aqueous extracts with aryl- 
sulphatase activity. 

A preliminary account of the work described in 
this paper has been published (Young, Morrison & 
MTiitehead, 1952). 

SUBSTRATES USED FOR THE STUDY 
OF BACTERIAL ARYLSULPHATASE 

Potassium phenolphthalein disulphate 

Synthesis of potassium phenolphthalein disul- 
phate. Most-of the methods used for the synthesis of 
arylsulplivuic acids are based on a procedme de- 
veloped by Verley (1901) in which chlorosulphonic 
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acid is added slowly to a chilled solution of an 
organic base in an anhydrous organic solvent. The 
addition product of the chlorosulphonic acid and the 
organic base is then allowed to react with the 
phenol, and the organic base salt of the arylsulphuric 
acid thus formed is converted to the potassium salt 
by treatment with aqueous potassium hydroxide. 
A number of organic bases and solvents have been 
used in this procedure, e.g. pyridine and carbon 
disulphide (Verley, 1901), pyridine and chloroform 
(Czapek, 1914), dimethyl- or diethyl-aniline and 
carbon disulphide (Burkhardt & Lapworth, 1926). 
In the present investigation it was found that 
potassium phenolphthalein disulphate can be pre- 
pared in fair yield by the above procedure using 
pyridine as the base and chloroform as a solvent. 

A mixture of 12-5 ml. of diy pyridine and 12-5 ml. of re- 
distilled CHCI 3 in a 100 ml. beaker (tall type) was cooled in an 
ice bath, and while the mixture was stirred, 5-0 ml. of chloro- 
sulphonic acid were run in slowly down the side of the 
beaker from a tap funnel. To this solution were added 
quickly, with stirring, 8-0 g. of phenolphthalein in 15 ml. of 
CHCI3. The ice bath was then removed and the contents 
of the beaker were stirred for 2 hr., after which they were 
allowed to stand at room temperature overnight. The 
beaker was then placed in an ice bath and while its contents 
were stirred, 80 % aqueous KOH solution (w/v) was added 
until the mixture was just alkaline to litmus (14 ml. of the 
KOH solution were required). The mixture was stirred for 
10 min. after the addition of the KOH solution had been 
completed and it was then poured, with stirring, into 150 ml. 
of absolute ethanol. The precipitate which formed was 
allowed to settle in the refrigerator and was then separated 
by centrifuging. The solid material was then extracted on a 
water bath with three 100 ml. portions of a mixture of 80 % 
ethanol and 20% water (v/v). During this process the 
mixture was kept just alkaline to phenolphthalein by the 
addition of a few drops of KOH solution. The extracts were 
cooled separately to room temperature and were then cooled 
in an ice bath. A heavy precipitate formed in the first extract 
and was separated by filtration. The filtrate was combined 
with the second and third extracts, 900 ml. of absolute 
ethanol were added, and the precipitate which formed was 
filtered off. The combined precipitates were dissolved in a 
minimum of water and the compound was salted out by the 
addition, with vigorous stirring, of 80% aqueous KOH 
solution (w/v). The potassium phenolphthalein disiilphalt 
was removed by filtration on a sintered-glass filter, washed 
with absolute ethanol, and dried. The product weighed 
10-5 g. and this corresponded to a yield of 64 % based bn the 
amount of phenolphthalein used. The compound was 
crystallized twice from water and was then dried over P 2 O 5 
in vacuo at room temperature. The product gave negative 
tests for phenolphthalein, inorganic sulphate, chloride, 
carbonate and bicarbonate. It gave strong positive tests for 
phenolphthalein and inorganic sulphate after it had been 
boiled in n-HCI solution for 1 min. (Found: C, 36-7; H, 2-9, 
S,9-8;K, 17-0. C3„Hi30iiS2K3.2H20requiresC,37-l;H,2-6; 

S,9'9,K, 18T %. Micro-analyses by DrsWeiler and Strauss, 

Oxford.) The compound was very soluble in water and was 
almost insoluble in ethanol. It was obtained as fine coloiu- 
less needles when precipitated from aqueous solution by the 
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addition of ethanol, and as rectangular plates -when crystal- 
lized from water. , , , , . , , , , 

Gravimetric determination of phenolpnthalein and sulpnaje. 
liberated by acid hydrolysis of the compoiini. Phenolphthalein 
is almost insoluble in dilute HCl solution, and it was thus 
possible to carry out a gravimetric determination of the 
amount of phenolphthalein liberated on complete hytolysis 
of the potassium phenolphthalein disulphate obtained by 
the procedure just described. The amount of sulphate 
liberated on hydrolysis was determined gravimetrically as 
BaSOi at the same time. To a solution of 0-06429 g. of the 
compound dissolved in 1 ml. of water in a small Pyrex filter 
beaker (fitted with a sintered-glass filter plate) was added 
1 ml. of 2N-HC1. The vessel and its contents were heated in 
a boiling-water bath for 30 min. and then cooled in an ice 
bath. The crystalline precipitate was filtered off on the 
sintered-glass plate and washed with three 2 ml. portions of 
water. The filtrate and washings were collected. The pre- 
cipitate, after it had been dried to constant weight at 105°, 
weighed 0-03182 g. It melted at 256-257°, and when it was 
mixed with phenolphthalein the melting point was un- 
changed. The sulphate present in the filtrate and washings 
yielded 0-04674 g. BaSO^. Colorimetrie analysis of the 
filtrate and washings obtained in a similar experiment 
showed that the phenolphthalein content was negligible 
(<0-00006 g.). The phenolphthalein and sulphate (as SOj) 
liberated corresponded to 49-6 and 29-9%, respectively, of 
the compound hydrolysed; potassium phenolphthalein 
disulphate dihydrate requires 49-2% phenolpthalein and 
29-7 % sulphate. 

Colorimetric determination of phenolphthalein liberated by 
hydrolysis of the compound. In all experiments other than 
that just described, a colorimetrie method was used to 
determine phenolphthalein liberated by the acid or enzymic 
hydrolysis of potassium phenolphththalein disulphate. The 
procedure was as follows. To 5 ml. of the acid (or buffer) 
solution containing phenolphthalein, NaOH was added 
from a microburette until the solution was just pink (the 
concentration of the NaOH solution used was such that the 
volume required did not exceed 1 ml.). After water had been 
added to bring the volume of the solution to 6 ml., 4 ini. of 
buffer solution, pH 10-4 (glycine-NaOH-NaCl, prepared as 
described by Talalay, Tishman & Huggins (1946)) was 
added. The red colour of the solution (after dilution, if 
necessary) was then measured in a Spekker photoeletrio 
absorptiometer (Adam Hilger Ltd.) using an Ilford no. 605 
filter. The amount of phenolphthalein present was then 
calculated by reference to a standard curve obtained using 
knou-n amounts of phenolphthalein. By this means it was 
possible to determine as little as lOpg. of phenolphthalein 
in the original solution. 

Experiments were carried out in which 1 ml. portions of a 
O-Olsi-potassium phenolphthalein disulphate solution were 
heated in a boiling-water bath with 4 ml. portions of either 
0-125X-HC1 or 1-25N-HC1. tinder these conditions it was 
found that the compound was completely hydrolysed in 
15 min. in 0 -In-HCI and in 5 min. in K-HCl. 

Similar experiments were carried out at 37°, and under 
these conditions it was found that in 24 hr. 7-8% of the 
phenolphthalein was liberated in 0-lx-HCl and 86-4 <>/ in 
X-HCl. ™ 
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optimum pH of 6-12 at 37° with a substrate of potassium 
4-nitrophenylBulphate. In order to study the behaviour of 
potassium phenolphthalein disulphate on enzjunio hydro- 
lysis, experiments were carried out in which takadiastase 
was allowed to act on the compound at 37°. The enzyme 
solution was prepared by extracting 2-5 g. of takadiastase 
diluted with talc (Parke Davis Co. Ltd.) with 50 ml. of water 
at room temperature. This gave a solution of takadiastase 
containing 0-37 % solid matter, and 1 ml. portions of this 
were heated in a water bath at 37° with 1 ml. of 0-01 m- 
potassium phenolphthalein disulphate solution and 3 ml. of 
citrate-phosphate buffer, pH 6-2 (Mcllvaine series; Britton, 
1942). The amounts of phenolphthalein liberated were 
determined colorimetricaUy and the results obtained are 
sho-wn in Table 1. No liberation of phenolphthalein took 

Table 1. Hydrolysis of potassium phenolphthalein 
disulphate by takadiastase 

(1ml. O-OlM substrate, 1 ml. 0-37% takadiastase, 3 ml. 
citrate-phosphate buffer, pH 6-2, at 37°.) 

Phenolphthalein Phenolphthalein 
liberated liberated 

(y%.) (%) 

23 0-73 

22 0-69 

62 1-64 

51 1-60 

06 3-02 

98 3-08 

143 4-50 

140 4-40 


Time 

(hr.) 

4 

8 

16 

24 


place in control experiments in which enzyme solution 
which had been heated in a boiling- water bath for 15 min. 
was allowed to act on the substrate for 24 hr. under the con- 
ditions just described. 

Potassium 1-naphthylsulphate 

Synthesis of potassium 1-naphthylsulphate. This com- 
pound was synthesized by the method of Feigenbaum & 
Neuberg (1941) using dimethylaniUne as the organic base in 
the reaction. The potassium salt was purified by converting 
it to the p-toluidine salt by the procedure described bv 
Barton & Young (1943), reorystaUizing this compound, and 
then converting it back to the potassium salt. The product 
gave negative tests for free naphthol (see below) and in- 
organic sulphate. It gave positive tests for naphthol and 
inorpnio sulphate after it had been heated irith n-HCI in a 
boiling-water bath for 1 min. (Found: total sulphate S 
12-4. Calc, for GioHjOjSK, 12-2%.) 

Detection of l-naphthol liberated by hydrolysis ofpoiasssium 
1-naphthylsulphate. l-Naphthol was detected by the red 
colour it gives in alkaline solution -with diazotized sul- 
phanilic acid. The test was carried out by making the 
solution alkaline -ndth NaOH solution and then adding 
freshly prepared diazo reagent (1 vol. of 0-8% NaNO 

ShThS) ^ of sulphanilic 


Dnzymic hydrolysis of potassium phenolphthalein disul- 
plate. Takadiastase, a commercial enzyme preparation from 
AsperyiUus oryzae, show.s arylsulphatase activity, and 
according to Huggins k Smith (1947) the enzj-me has 


Stability of the substrates under conditions used 
for bacteriological tests 

In the present investigation experiments were 
carrred out m which bacteria were allowed to gr^w 
days in media containing potassium 


an at 37° for 
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phenolphthalein disulphate or potassium l-naph- 
thylsulphate. In the tests with Actinomyces the 
period of growth was 14 days. It was necessary, 
therefore, to determine whether any breakdown of 
the substrates took place under these conditions 
apart from that produced by the bacteria. 

Into each of a series of glass-stoppered test tubes were 
placed 3 ml. citrate-phosphate buffer, pH 6-0, 7-0 or 8-0, 
1 ml. of O-OlM-potassium phenolphthalein disulphate or 

0- OlM-potassium 1-naphthylsulphate, and 1 ml. of 0-1 % 
‘Merthiolate’ solution (Eli Lilly and Co. Ltd.) as a preser- 
vative. The tubes were placed in an incubator at 37° and at 
intervals up to 28 days, tubes were removed and their con- 
tents tested for the presence of phenolphthalein or 1- 
naphthol. No evidence of the breakdown of the substrates 
was obtained even after 28 days, i.e. after a period twice as 
long as the longest period used in the bacteriological tests. 

As the media to which the substrates were added were 
sterilized by autoclaving at 15 Ib./sq.in. pressure for 20 min., 
it was also necessary to determine whether any liberation of 
phenolphthalein or 1-naphthoI occurred during this process. 
Tests on media with pH 7‘0-7-6 containing O’OOlM- 
potassium phenolphthalein disulphate or 0-001 M-potassium 

1- naphthylsulphate which had been sterilized in this way 
gave no evidence that hydrolysis of the substrates had taken 
place. Furthermore, there was no indication of hydrolysis 
after 2-3 months storage of the sterilized media at 4°. No 
detectable loss of the substrates occurred when their solu- 
tions were sterilized by Seitz filtration. 


THE DISTRIBUTION OF 
BACTERIAL ARYLSULPHATASE 


Apart from the investigations of Barber et al. (1951) 
on staphylococci, information appears to be lacking 
concerning the distribution of bacterial arylsul- 
phatase. In the present work, various species of 
bacteria of medical interest have been examined for 
the occurrence of this enzyme. In order to test for 
the presence of the enzyme, the organisms were 
grown in a medium containing potassium phenol- 
phthalein disulphate or potassium 1-naphthyl- 
sulphate, and the appearance of free phenol- 
phthalein or 1-naphthol in the medium was taken as 
evidence of the production of arylsulphatase by the 
organism. 

Methods 


Preparation of media. An 0-01 m Bolution of the substrate 
(potassium phenolphthalein disulphate or potassium 1- 
naphthylsulphate) in water was added to broth (pH 7-4-7-6) 
so as to produce a medium containing 1 % meat extract (Lab 
Lemco, Oxo Ltd.), 1% peptone (Bacteriological Peptone, 
Evans Medical Supplies Ltd.), 0-5% NaCl, and 0-001 ar- 
substrate. The medium was distributed in 4 ml. portions in 
6 x^in. tubes and autoclaved for 20 min. at 15 Ib./sq.in. 
pressure. 

For the cultivation of anaerobes, hot sterile vaseline was 
added to the tubes immediately after their removal from the 
autoclave. When cool, the medium was inoculated in the 
usual manner. The vaseline seal was first melted by gentle 
heat and, after the medium had been inoculated, the vaseline 
was allowed to re-seal the tube. 


For certain species, where it was needed for gro-srth, 0-5 ml. 
sterile horse serum or blood was added to each tube after 
autoclaving, the tubes containing blood being brought to 
100° for 2-3 min. and well shaken. In some experiments the 
medium was enriched with 0-5 % glucose. 

Detection of arylsulphatase production by organisms groum 
in tnedia containing phenolphthalein disulphate. The strain to 
be tested was inoculated into three tubes of broth containing 
0-001 M-phenolphthalein disulphate, which were then incu- 
bated at 37°. One tube was tested for the presence of free 
phenolphthalein after 1 day, another after 3 days and the 
third after 7 days. Free phenolphthalein was detected by 
the addition of ir-NaOH until maximum development of 
colour had taken place. Decolorization of phenolphthalein 
takes place in strongly alkaline solutions, and the NaOH 
solution was therefore added carefully drop by drop -nith 
shaking of the contents of the tube. The depth of colour 
which developed was assessed -visually and recorded accord- 
ing to the scale sho-wn in Table 2. 

Detection of arylsulphatase production by organisms grown 
in media containing potassium l-naphthylsulphate. Each 
strain examined -with this substrate- was inoculated into 
three tubes of broth containing 0-001 M-potassium 1- 
naphthylsulpha-te and also into three tubes of broth -without 
substrate. Control experiments using broth without sub- 
strate were carried out because it was found that faintly 
positive diazo reactions were obtained after gro-wth had 
occurred. After incubation at 37° for 1 day a tube containing 
substrate and a control tube were removed and tested by 
means of the diazo reaction. The remaining tubes were 
tested after incubation for 3 and 7 days. The diazo test was 
carried out by adding to each tube 1 ml. of 2N-NaOH and 
0-5 ml. of freshly prepared diazo reagent (1ml. 0-8% 
NaNOj and 9 ml. 0-25 % sulphanilic acid dissolved in 
n-HCI). The tubes were shaken and the difference in depth 
of colour between the tube containing naphthylsulphate and 
the control tube was assessed visually and recorded according 
to the scale sho-wn in Table 2. 

Sources of the strains studied. The strains examined were 
obtained from the following sources: the Stock Collection, 
Department of Bacteriology, St Thomas’s Hospital Medical 
School; the Stock Collection and -routine cultures, Louis 
Jenner Laboratory, St Thomas’s Hospital; the Salmonella 
Reference Laboratory, Public Health Laboratory Service, 
Colindale; the National Collection of Type Cultures, 
Colindale. A collection of strains from cases of infantile 
gastro-enteritis was obtained from Dr G. S. Hdall, St 
Thomas’s Hospital Medical School. 

The majority of the strains of salmoneUae were inoculated 
directly from Dorset’s egg medium. Strains of haemolytic 
streptococci, clostridia and corynebacteria were sub- 
cultured from Robertson’s meat medium. The remainder 
were inoculated from nutrient or blood agar. 

Results 

Tests 10011 potassium phenolphthalein disulphate as 
substrate. The ntunber of strains tested -with phenol- 
phthalein disulphate as substrate -was 212, and of 
these, fifty-four were found to show varying degrees 
of arylsulphatase activity. Among the organisrM 
tested, the enzyme was found to be present m 
certain species of salmoneUae and mycobactena. 
For this reason the salmoneUae and related bacteria 
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were studied more extensively than the other groups, 


The examination of large numbers of mycobacteria, 
many of which require special methods for their 
cultivation, was considered to be outside the scope 
of the present work and it is being made part of 
a separate investigation (Whitehead, Wildy & 
Engbaek, to be published). 

Among seventy-nine strains of salmonellae, 
forty-seven strains belonging to fourteen species 
were found to give positive tests for the presence of 
arylsulphatase. No positive strains could be de- 
tected among nine strains of Salm. typliosa. Of the 
paratyphoid baeteria, all of the eleven strains of 
Salm. paratyphi tested, eight of twelve strains of 
Salm. schoUmuellen, and one of ten strains of Salm. 
hirschfeldii were foimd to give strongly positive 
tests. The strains of Salm. paratyphi showed some- 
what weaker activity than the arylsulphatase- 
positive strains of the other paratyphoid bacteria. 
The four negative strains of Salm. schottmuelleri 
belonged to phage Types 1 and 2, and six of the 
positive strains to phage Types 3 a, 3ai and 36. 
Unlike the paratyphoid organisms, the twenty- 
seven positive strains found among thirty-seven 
strains of other species of salmonellae showed weak 
arylsulphatase activity. Among the related bacteria, 
no activity was detectable among twenty strains of 
Shigella, twenty-nine strains of Escherichia, Aero- 
bacter and Klebsiella, and twenty-one strains of 
Proteus. 

The ten strains of mycobacteria examined in- 
cluded four strains originally isolated from cold- 
blooded animals. Of these foiu: strains, two of 
Mycobact. piscium and one of Mycobact. ranae 
showed considerable activity, while a strain of 
Mycobact. chelonei was less active. Of the sapro- 
phytic acid-fast bacteria, two strains each of 
Mycobact. phlei, Mycobact. smegmatis and Mycobact. 
stcrcoris were tested. One strain of each species gave 
negative tests for arylsulphatase, and one strain of 
each species showed weak activity. 

The following organisms, in addition to those 
already mentioned, gave no evidence of the produc- 
tion of arylsulphatase (where more than one strain 
was examined the number is shown in brackets): 
Actinomyces (anaerobic strain from human actino- 
mycosis); Pacillus anthracis, B. subtilis ( 3 ), other 
Gram-positive sporing bacilli ( 5 ) ; Clostridium per- 
Jringcns, Cl. scpticum. Cl. sporogencs, Cl. tetani. Cl. 
Iclanomorplntm ; Coryncbactcrunn diphtheriae var. 
gravis, C. diphtheriae var. intermedius, C. diph- 
thcriac var. mitis (3), C. pscudodiphtheriticum, C. 
Tcrosc; Diplococcxis pneumoniae; Gaffkya tetragena; 
Haemophilus influenzae. Haem, pertussis; Micro- 
coccus lysodcikticus; Neisseria rneningitidis ( 2 ); 
Pastcurclla pcstis; Pseudomonas aentginosa ( 4 ); 
Snrcina; Serratia marcescens; Streptococcus flaecalis 
(2), hacmol.N-tic streptococci (7), non-haemolytic 
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streptococci (3), Strep, viridans (3); Vibrio comma 
( 2 ). 

Tests until potassium 1-naphthylsulphate as sub- 
strate. A number of tests -for arylsulphatase were 
carried out using potassium 1 -naphthylsulphate as 
substrate in order to find whether the results ob- 
tained would be similar to those from experiments 
in which phenolphthalein disulphate was used as 
substrate. Included in these tests were the majority 
of the salmonella strains which were negative or 
weakly positive, and a few which were strongly 
positive when tested on a substrate of phenol- 
phthalein disulphate. In all, fifty-seven strains of 
this group were tested with a substrate of potassiiun 
1 -naphththylsulphate. The results are included in 
Table 2, and they show that there is a broad 
measure of agreement in the results obtained with 
the two compounds, although in some instances 
hydrolysis of the substrate was detectable earlier 
when potassium 1-naphthylsulphate was used. In 
addition to the salmonella strains, the following 
sixteen strains from other genera were tested with 
potassium 1 -naphthylsulphate as substrate and 
they yielded results in accordance with those ob- 
tained with phenolphthalein disulphate : Aerobacter 
aerogenes, B. anthracis, B. subtilis, Esch. coli (2), 
Klebsiella pneumoniae. Micrococcus epidermidis, 
M. pyogenes var. aureus, Mycobact. piscium. Past, 
pestis, Ps. aeruginosa, Proteus vulgaris (2), Shigella 
sonnei. Strep, pyogenes, V. comma. 

During the examination of some strains in meHi' p 
containing potassium 1 -naphthylsulphate it was 
observed that after incubation for 24 hr. or more 
there was a partial clearing of the turbidity of the 
cultures. It was noticed that this only occurred 
with strains which produced arylsulphatase and 
never with those which did not. 

Experiments using a colourless medium. In an 
attempt to detect slight degrees of hydrolysis of 
phenolphthalein disulphate by bacteria, trials 
were made with this compoimd in a colourless 
medium consisting of 1 % peptone (Baeteriological 
Peptone, Evans Medical Supplies Ltd.) and 0-6 y 
sodium chloride in water. The substrate coneentra” 
tion was O-OOlM. This medium was used for the 
exammation of sixty-seven strains from various 
genera tested using the other medium. It was found 
that although slight hydrolysis of phenolphthalein 
disulphate could more easily be detected in the 
colomless medium, this advantage was outweighed 
by the poorer growth which occurred with many 
organisms, h, o additional arylsulphatase-producing 
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produce the enzyme were grown in nutrient broth 
containing O-OOlM-phenolphthalein disulphate and, 
in addition, 0-5% glucose. No arylsulphatase 
activity could be detected after incubation for 
7 days, although the organisms showed more 
vigorous growth than was observed in the absence 
of glucose. All the salmonellae which had been 
shoAvn to produce the enzyme were therefore 
examined in broth containing 0-6 % glucose and the 


substrate, and none showed any trace of arylsul- 
phatase activity. Under the same conditions no 
activity could be detected in any of six strains of 
Mycobact. phlei, Mycobact. smegmatis and Mycobacl. 
stercoris, whereas the four strains of Mycobact. 
piscium, Mycobact. ranac and Mycobact. chelond 
showed no impairment of arylsulphatase activity 
when grown in, broth containing 0-5% glucose. 
Twenty strains from various genera which were 


Table 2. Results of testing seventy-nine strains of salmonellae for arylsulphatase activity using potassium 
plienolphthalein disulphate (!) and potassium 1-naphthylsidphate {II) as substrates 

(Substrate I. Colour on addition of alkali to the medium : ±, faint tinge of pink; -f, pale pink; ++,pink; + + +,red; 
+ + + +, deep red; -, no change in colour. Substrate II. Colour difference between control and medium containing 
substrate on addition of alkali and diazo reagent: ±, just discernible; + +, moderate; + + -f -f , marked; no differ- 
ence. NT =strain not tested.) 

Arylsulphatase actmty 


Species of Salmonella 
Salm. typhosa 


Salm. paratyphi 


Salm. schottmuelleri 


Salm. hirschfeldii 
Salm. hirschfeldii 
Salm. sp. (Type Aberdeen) 

Salm. abortivoequina 
Salm. morhificans 
Salm. choleraesuis 

[ (Type Dublin — human) 


Salm. sp. 


(Type Dublin — bovine) 


I 


Salm. enteritidis 


Salm. sp. (Type London) 
Salm. sp. (Type Neudngton) 

Salm. sp. (Type Newport) 

Salm. sp. (Type Poona) 

Salm. sp. (Type Potsdam) 
Salm. sp. (Type Senftenberg) 

Salm. sp. (Type Thompson) -[ 


Salm. lyphitnurium - 


No. of 
strains 


j Types 1 and 2 
I Types 1 and 2 
i Types 3a, 3oi, 36 
iType 36 


1 day 


3 days 


7 days 
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' V ^ Wrtraction of the enzyme from the bacterial mass. 

negative when tested in nutrient broth Examination of the culture filtrate showed that its 

arylsulphatase activitywhengro^vnm glucose brot . , , activity was low. Attempts were 

Experiments under anaerobic i^de therefore, to obtain active preparations of the 

strains of Salm. schottmuellen and one of S . ’^, jj.^j,acting the bacilli. No arylsulphatase 

paratyphi which produced arylsulphatase wh ^ ^ ^ extracts obtained by hand- 

^own aerobically were cultured ^der ariaerobic “^dlfi or acetone-dried bacilli in an 

conditions by the methods describe ^ agate mortar with saline-phosphate buffer at pH 7-0. 

each case visible growth iJ each case tests showed that the activity remained 

organisms were grown aerobically, 5, . in the residue ofthe ground bacilli. Active prepara- 

phatase production appeared to be only slight y .„,nan t.tiR t.pchninno 

diminished. 


SEPARATION AND PROPERTIES OF 
BACTERIAL ARYLSULPHATASE 


111 WltJ ItJOlUUC? VJJL gjxw.v***— . X * ^ 

tions were obtained, however, when the technique 
of mechanical grinding of bacteria recommended by 
Dockstader & Halverson (1950) was employed. The 
procedure which was developed for the preparation 

« ^1 _ +V»o "war ar 


In order to study the properties of bacterial aryl- 
sulphatase, experiments designed to separate the 
enzyme from bacteria were undertaken. As a result 
of this work it was found possible to prepare cell- 
free aqueous solutions of arylsulphatase and these 
have been used for preliminary studies of the pro- 
perties of the enzyme. 

The organism from which arylsulphatase was 
separated was a subculture of iffycobact. ptscitwa, 
N.C.T.C. No. 2291. This was obtained originally 
about 10 years ago from the National Collection of 
Type Cultures, and since then the strain has been 
maintained by monthly subculture on nutrient agar 
slopes. The original strain was isolated from the 
diseased roe of a halibut by Griffith (1930). This 
organism was selected for the present investigation 
because its arylsulphatase activity was high com- 
pared with that of other organisms which had been 
tested. Additional advantages attending its use 
were its lack of pathogenicity to man and the fact 
that its form of growth on a liquid medium is such 
that it can be harvested easily. At 37° growth of the 
organism reaches a maximum after about 5-7 days 
and on liquid media it takes the form of a moderately 
tenacious yellowish grey pellicle with little sub- 
jacent turbidity or deposit, thus rendering harvest- 
ing by filtration a simple procedure. 

Oroiiih and harvesting of the bacteria. The organism was 
gromi in 4oz. ‘medical flat’ bottles loosely plugged with 
cotton wool, each containing 30 ml. nutrient broth con- 
taining O'OOlsi-potassium phenolphthalein disulphate. 
Inoculation was carried out by carefully floating on to the 
surface of the medium a portion of surface pellicle (approx. 
1-5 cm. in diameter) from a 3-5-day broth culture. The 
bottles were then incubated in a horizontal position so as to 
expose tlic greatest surface area of medium for growth ofthe 
organisms. The gron-th was harvested after 5-7 days incu- 
bation at 37°, by which time the surface ofthe medium was 
almost completely covered by the pellicle. The bacterial 
mass was separated by filtration on a Buchner funnel using 

ano, 1 Whatman paperanditwas washed withabout 100 ml. 
ofdistilledwatorfor each bottle whose contents were filtered. 

Most of the excess moisture was removed by suction on the 
filter. 


follows. 

The bacterial mass which had been separated by filtration 
on a Buchner filter and washed with distilled water was 
dried by repeated washing with acetone followed by suction. 
The dried material was scraped off the filter paper and 
weighed. It was then mixed with twice its weight of Hyflo 
Super-Cel (Johns-Manville Co. Ltd.) which had previously 
been washed three times with distilled water and dried. The 
mixture was placed in a homogenizer (Potter, 1945) and 
twice its volume of distilled water was added. The tube 
containing the mixture was immersed in an ice bath for 
16 min. while its contents were ground at about 1500 rev./ 
min. The viscid creamy material obtained by grinding was 
suspended in ice-cold distilled water (I ml./5 mg. of acetone- 
dried bacilli) and centrifuged at 1800 g for 30 min. The 
opalescent supernatant liquid was decanted and filtered 
through a Gradocol collodion membrane (average pore 
diameter, 0-52fi.) in an Elford ultrafilter to remove any 
remaining bacterial cells. The filtrate obtained was clear and 
showed only a very faint yellowish tinge. Diy weight 
determinations on two filtrates obtained in this way gave 
values of 1-42 and 1-57 mg./ml. 

By means of the procedure just described it was 
possible to obtain cell-free solutions of arylsul- 
phatase from bacilli grown in the presence of phenol- 
phthalein disulphato. Even when the procedure was 
modified by the omission of phenolphthalein di- 
sulphate from the medium the final solution obtained 
was found to contain the enzyme. Arylsulphatase 
was also separated from bacilli grown from an 
inoculum of organisms which had never been in 
contact with phenolphthalein disulphate. 

Optimum pH o/ the enzyme. Experiments were 
conducted in which the enzyme was allowed to act 
on potassium phenolphthalein disulphate at various 
pH values ranging from 3-0 to 8-0. The experiments 
were carried out in glass-stoppered Pyrex test tubes 
into each of which was placed 3-0 ml. of citrate- 
phosphate buffer (McHvaine series; Britton, 1942), 
1-0 ml. of O-OlM-potassium phenolphthalein di- 
sulphate and 1-0 ml. of unbuffered' enzyme pre- 
paration. After 6 hr. in the water bath at 37° the 
tubes were transferred to an ice bath and the free 
phenolphthalein was determined by the method 
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described earlier in the present paper. The results 
obtained from duplicate experiments with each of 
two enzyme preparations are shown in Table 3. 
Experiments in which the pH values of the buffer- 
substrate-enzyme systems were determined electro- 
metrically at the begirming and the end of the period 
of incubation revealed no significant change in 
pH. No detectable liberation of phenolphthalein 
occurred in 6 hr. at 37° in control experiments in 
which water was used in place of enz 3 me solution at 
each pH value studied, or in which enzyme solution 
which had been heated in a boiling-water bath for 
20 min. was allowed to act on the substrate at 
pH 6-3. 

Table 3. Optimum pH of arylsulphatase. present in 
cell-free extracts of a strain of Mycobacterium 
piscium 

(3'Oinl. citrate-phosphate buffer, 1-0 ml. O-OlM-potas- 
sium phenolphthaleia disulphate, and 1-0 ml. enzyme 
solution at 37° for 6 hr.) 

Phenolphthalein liberated 




pH 

f 

Enzyme 
preparation A 

Enzyme 

preparation 

3-0 

2 

— 

4-0 

12 

— 

5-0 

50 

— 

5-6 

— 

21 

6-0 

59 

23 

6-3 

— 

24 

6-7 

— 

20 

7-0 

47 

16 

8-0 

9 

— 


Table 4. Optimum substrate concentration of aryl- 
sulphatase present in cell-free extracts of a strain of 
Mycobacterium piscium 


(3-0 ml. citrate-phosphate buffer pH 6-3, 1-0 ml. potas- 
sium phenolphthalein disulphate solution, and 1-0 ml. 
enzyme solution at 37° for 6 hr.) 


Substrate concn. 
in system 

(M) 

0-0005 

0-0010 

0-0020 

0-0030 

0-0040 

0-0050 


Phenolphthalein 

liberated 

(pg-) 

13 

19 
21 
21 

20 
20 


From the results given in Table 3 it appears that 
under the conditions employed the optimum pH of 
the arylsulphatase present in the extracts lay in the 
vicinitj’- of 6-3. 

Optimum substrate concentration. In order to 
determine the optimum substrate concentration a 
series of experiments was carried out in each of 
which 3-0 ml. of citrate-phosphate buffer pH 6-3 and 

1-0 ml. of enzjme solution were heated for 6 lu. at 


37° with 1-0 ml. of potassium phenolphthalein 
disulphate solution and the phenolphthalein 
liberated was determined colorimetrically by the 
method already described. The phenolphthalein 
disulphate solutions used were such that the con- 
centrations of substrate in the system ranged from 
0-0005 to 0-005 m at the beginning of the experiment. 
The results obtained are shown in Table 4 from 
which it appears that the maximum velocity of 
arylsulphatase action occurred with a substrate 
concentration of 0-002-0-003 m. 

DISCUSSION 

As the present investigation involved the testing of 
many different bacteria for the presence of aryl- 
sulphatase, it was necessary first to devise a simple, 
sensitive test for the enzyme which could be applied 
in a medium suitable for the gro-wth of a wide 
variety of organisms. Various substrates have been 
used for the. qualitative and quantitative study of 
plant and animal arylsulphatase. These include 
potassium indoxyl sulphate (Derrien, 1911; Neuberg 
& Wagner, 1925), potassium phenylsulphate 
(Neuberg & Kurono, 1923; Abbott, 1947), and 
potassium 4-nitrophenylsulphate (Neuberg & 
Wagner, 1925; Huggins & Smith, 1947), and while 
the present work was in progress, Robinson, Smith- 
& Williams (1951) described the use of potassium 

2-hydroxy-4-nitrophenylsulphate for the study of 
the enzyme. The use of these compoxmds has been 
based on the fact that on hydrolysis they yield 
phenolic products which can be detected or deter- 
mined by their conversion to coloured compoimds 
on treatment with suitable reagents. In applying 
this principle to the detection of bacterial aryl- 
sulphatase, consideration has to be given to the 
fact that culture media often have a yellow colour, 
and in consequence compounds which on hydrolysis 
yield phenols which are detected by their conversion 
to yellow products (e.g. potassixun 4-nitrophenyl- 
sulphate) are unsatisfactory. In order to study 
bacterial phosphatase, Bray & King (1942) used 
phthalein phosphates as substrates and later they 
made a study of the distribution of phosphatase in 
micro-organisms using phenolphthalein diphos- 
phate as substrate (Bray & Kang, 1943). Phenol- 
phthalein offers a number of advantages as a 
chromogen, the chief of which are that the red- 
coloured form can be obtained merely by the 
addition of alkali, very small amounts of phenol- 
phthalein are readily detected, and the colour 
reaction is not susceptible to interference by sub- 
stances present in biological material. For these 
reasons phenolphthalein diphosphate has been used 
for work on phosphatases (Bray & King, 1943; 
Huggins & Talalay, 1945; Barber et al. 1961) and 
phenolphthalein glucuronide has been used for the 
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study of jS-glucuronidase in mammalian tissues 
(Talalay ct al. 1946) and in micro-organisms (Barber 
ct al. 1961). These various considerations led us to 
use plienolpbtlialein disulpbato as an agent for 
testing for arjdsulpbatase. Some tests were also 
carried out with a monosulphate, potassium 1- 
naphthylsulphate, as substrate, in order to deter- 
mine u-hether the use of a different substrate would 
influence our conclusions concerning the distribu- 
tion of aiylsulphatase. The results obtained with 
this compound, however, were in general agreement 
with those obtained using phenolphthalein di- 
sulphate. As an agent for testing for arjdsulphataso 
in bacteria, potassium l-naphthylsulphate suffers 
from the disadvantage that it is necessary to run 
control experiments, for most organisms yield faintly 
positive diazo reactions after growth has occurred in 
the absence of the substrate. 

The organisms tested for arylsulphatase activity 
in the present work did not include staphylococci or 
anaerobic cocci. Tlie distribution of arylsulphatase 
among staphylococci has been investigated by 
Barber et al. (1951) and the distribution of the 
enzyme among anaerobic cocci has been studied in 
the course of an investigation by Prof. Tl. Haro & 
Dr M. P. L. Wildy of the Bacteriology Department 
of this School (to be published). A wide variety of 
organisms was examined in the present ■work, and 
the results suggest that the possession of arylsul- 
phatase in readily detectable amounts is not common 
among bacteria. Arylsulphatase activity was found 
in certain species of salmonella and mycobacteria, 
but with the methods used it could not be detected 
in any of the other species tested. The possibility 
should not be overlooked that the examination of 
larger numbers ' of strains of a particular species 
might reveal the occurrence of further arylsulpha- 
tase-producing organisms. It must also be recog- 
nized that, whereas a positive finding is significant 
in an investigation of this type, a negative finding 
does not necessarily exclude the possibility that the 
organism produces the enzyme. Variation of the 
cultural conditions or the ■use of a more sensitive 
method of testing might reveal the presence of the 
enzyme in an organism with weak arylsulphatase 
activity. In this connexion it should be noted that 
tests carried out on organisms of the Salmonella 
group with a monosulphate, potassium l-naphthyl- 
sulphate, revealed the occirrrence of weak aryl- 
sulphatase activity in a few strains earlier than when 
phenolphthalein disulphate was used as the sub- 
strate, although in most cases the two tests were in 
agreement. Another possibility which has to be 
considered is that the phenolic compound liberated 
from the substrate by the action of the enzyme 
might be metabolized by the organism and thus 
escape detection. This question is under investiga- 
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tion by Whilchcad, Wildy & Engbnok (to bo pub- 
lished) in their study of tho nrylsvilphataso activity 
of mycobacteria using phenolphthalein disul]fiiato 
ns substrate, but no evidence lias so far ijccn ob- 
tained suggesting that utilization of phcnolph- 
thaloin bj' these organisms (wlicther they produce 
arylsulphatase or not) occurs to an extent likely to 
affect tho detection of tho onzj’ino. Whether this is 
gonorallj' true of other bacterial species has ■not 
been established. 

From a biochemical standpoint considerable 
interest attaches to tho separation of tho enzyme 
and the study of its properties. Among tho various 
bacteria studied, one of tho most act ivo producers of 
arylsulphatase was a strain of Mycobact. pi.mum. 
Examination of tho cnlluro medium of this organism 
grown in tho presence or tho absence of phcnol- 
phthalcin disulpbato suggested that tho medium 
contained little or no arylstdphafaso. Alfiicn tho 
organism itself was separated and dried with ace- 
tone, it was found possible to prepare coll -free 
aqueous extracts wliich contained much of tho 
arylsulphatase activity originally present in tho 
dried organisms. These extracts wore used for 
studies of tho optimum pH and optimum substrate 
concentration of the enzyme. These preliminary 
experiments on tho separation and properties of 
bacterial arylsulphatase have paved tho way for 
more extensive biochemical studies of tho enzyme. 


SUMMABY 

1. A description is given of tho sjmthcsis and 
properties of potassium phenolphthalein disulpbato. 

2. Potassiiun phenolphthalein disulpbato has 
been used as a substrate for testing for tho presence 
of arylsulphatase (phonolsulphataso) in 212 strams 
from a wide range of bacterial species, and seventy- 
three of these strains have also been tested for tho 
presence of this enzyme using potassium 1-naph- 
thylsulphate as substrate. The results obtained with 
the two substrates are in general agreement. 

3. Under the test conditions, arylsulphatase has 
been detected only in certain strains of salmonoUao 
and mycobacteria. 

4. Cell-free aqueous extracts containing aiyl- 
sulphatase have been prepared from Mycobacterium 
piscium, N.C:T.C. 2291, and these have been used 
m a preliminary study of the properties of the 
enzyme. 

indebted to Dr Joan Taylor. Salmonella 
Reference Laboratory, London. N.W. 9, tho Curator 

Se Steff oftfT Dr G. S. UdaU, and 

he Staff of the Louis Jenner Laboratory, St Thomas’s 
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Microdetermination of Manganese in Biological Material 
by a Modified Catalytic Method 

By H. fore and R. A. MORTON 
Biochemistry Department, University of Liverpool 

{Received 3 November 1951) 


In investigating the biochemical roles of manganese 
it is desirable to employ a very sensitive but 
reasonably accurate method of estimating the 
element. Methods based on the detection of man- 
ganese lines in emission spectra require the presence 
of about 60 pmg. of the element in a 10 mg. sample, 
and even when determinations are carried out in 
triplicate the accuracy obtainable is not great. 

The periodate method, based on oxidation of the 
manganese to permanganate, which is determined 
by photoelectric colorimetry or spectrophotometry 
(IVillard & Greathouse, 1917; Richards, 1930; 
Strickland & Spicer, 1949 ; Davidson & Capen, 1929 ; 
Mehlig, 1939, 1941; Kark, Rosenfels & Hanahan, 
1947 ; Rowland, 1939) is generally satisfactory. The 
main disadvantage of the periodate method is that 
the amount of tissue needed to provide the neces- 
sary minimum of manganese is quite often larger 
than that available. The colorimetric estimation of 
manganese by means of the Folin-Ciocalteu reagent 
(Abul-Fadl, 1948) requires at least 12 pg. man- 
ganese. 


Szebelledy & Bartfai (1936) described a catalytic 
method for the detection of manganese in amounts 
less than 1 pmg., and Kun (1947) worked out a 
quantitative procedure, using photoelectric spectro- 
photometry. Manganous ions eatalyse the oxida- 
tion of NN-diethylaniline by potassium meta- 
periodate (KIO4) in aqueous solution, and the 
progress of the oxidation can be followed by 
measuring the increasing absorption of light at 
470 rap. Kun used a medium buffered at pH 7-0 
and measmed the extinction exactly 200 sec. after 
mixing the reagents. He found no interference by 
ions of other metals. Each test required at least 
4 pmg. of manganese, but Krm found it necessary to 
make many readings so as to eliminate the effect of 
what appeared to be random variations. 

The catalytic method appeared to be very promis- 
ing, but a considerable study of all the variables was 
necessary before it could be applied with confidence 
to the problems of determining manganese in very 
small amormts of tissues. The final procedure 
adopted will first be described and then discussed. 
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EXPERBEENTAL 

Bcagcnts 


mCRODETERMNATION OF IvIANGANESE 

These six solutions, the reagents, six 1 ml. pipettes and 30 


All reagents must be stored in Pjt:cx vessels. 

Olass-dislilkd tcaicr. Distilled -water from the usual typo 
of laboratory still is redistilled from all-glass Pyrex np- 

Hydrochloric acid. Spray-freo hydrogen chloride is passed, 
via a -wax-coated funnel, into glass-distilled -water in a wax- 
lined beaker immersed in ice. The acid (approx. 16 % w/v) is 
stored in -wax-lined bottles. 

Buffer solution (pH 7-0). This is prepared by mixing 
solution a (40 ml.) and solution b (approx. 30 ml.) and 
making up to 100 ml. Solution a consists of citric acid (A.R., 
Ill g.) and ‘pure’ cone. HCl (29 ml.) in 2-6 1. Solution 6 is 
prepared as follows; approx. 2N-lsiaOH {A.H. carbonate- 
free) is standardized and boric acid (A.R., 1 22 g.) is dissolved 
in exactly 2-5 equiv. of the allmli solution and the whole 
made up to 2-5 1. 

Diethylauiline hydrochloride solution. Dicthylaniline 
(0-12 g.) is weighed accurately and dissolved in 1-4 equiv. of 
0'1 n-HC 1. The solution is made up to 1 1. (0 0008 m). 

Potassium periodate solution. KIO4 solution (O-Olsf) is 
made by dissolving 2-3 g. of the A.R. salt in 800 ml. of hot 
water, cooling and diluting to 1 1. in a graduated flask. 

Manganese solution. A.R. kInSOi.4HjO was used for 
preparing the standard manganese solution. 

Method 


A ‘translucent VitreosU’ crucible is cleaned with abrasive 
soap (Briz), boiled in cone. HCl, washed in glass-distilled 
water and heated for 30 min. at 650°. It is cooled in a 
desiccator, then weighed and after inserting the fresh tissue 
sample, weighed again. The tissue is dried to constant weight 
at 110° and is then ashed at not over 650° in a silica-lined 
muffle furnace. Glass-distilled water may be added to the 
cooled residue to assist removal of the last traces of carbon 
(this step is empirical but effective). The crucible is cooled 
and weighed, platinum-tipped crucible tongs being used 
throughout. 

A measured volume of the 16% HCl is added to the 
crucible; this is placed inside a 100 ml. beaker and left on a 
steam bath vmtil the HCl has evaporated. Buffer solution 
(volume depending on the amount of kin in the sample) is 
added to the crucible which is then placed on the steam bath 
for 20-30 min. (2 ml. of buffer is used for samples containing 
up to 50 pmg. including the kin contaminating the HCl. 
With larger samples proportionately more buffer is added. 
When the amount of kin is very large the crucible is ex- 
tracted with a known volume of HCl instead of ^vith buffer 
and the solution washed into a grad-uated flask of suitable 
size. After making up to volume, a portion of the solution is 
dispensed into a clean crucible, evaporated to dryness and 
then taken up in buffer as described above.) The beaker is 
then removed and allowed to cool, protected from dust. 
With the aid of a small Pyrex funnel and a wash-bottle 
(Pyrex) with the shortest possible rubber connexion, the 
contents of the crucible are washed into a graduated flask of 
a capacity 2-5 times the volume of buffer taken. Pyrex 
graduated flasks should be used if obtainable. 

Pour such buffered solutions of ash are made up, together 
with a blank consisting of diluted buffer alone and a standard 
consisting of diluted buffer containing 4-00 pmg. kin/ml. 


Pyrex test tubes (9 x 75 mm. with rim), together with other 
ncecssary apparatus, are left in the instrument room over- 
night. Within 24 hr. of making the buffered ash solutions 
and at a time when the room temperature is fairly stable 
three 1 ml. portions of each buffered solution arc dispensed 
into test tubes and 1 ml. portions of KIO4 solution into the 
remaining 18 tubes. Taking tho solutions in tlie order in 
which they were pipetted (three blnnk.«, four x three 
buffered ash solutions, then three standards) 0-5 ml. of 
dicthylaniline hydrochloride solution is added from a 
graduated pipette to the buffered solution. Tiie mixture is 
immediately poured into the KIO4 solution, tho time at that 
instant noted on a stop-clock and tho reaction mixture 
agitated 63' repeatedly pouring from one tube to the other. 
The solution, in which tho colour is now developing, is 
transferred to a clean dry' absorption cell (I'Ocin.) and 
placed in the photoelectric spectrophotometer. Tho E value 
of tho solution is read exactly 60 sec. after mixing. 

The cell containing the reaction mixture is rinsed out four 
to six times with glass-distilled water, three times with re- 
distilled absolute ethanol and three times with redistilled 
ether. It is then allowed to dry with a current of diist-freo 
air blowing througli it and another cell, used in the previous 
measurement, is u.sod for the next reaction mixture. At the 
end of the nin the pipettes used for the six buffered solutions 
are washed out in tho manner described for tho cells. Tho 
test tubes are all cleaned carefully before use. Hew ones are 
first cleaned with abrasive soap, but the procedure u.scd for 
cleaning the tubes for each run is ns follows: the tubes are 
filled with HCl (1 vol. cone, acid + 1 vol. water) and allowed 
to stand for a few minutes. Tho acid is poured out and tho 
tubes rinsed three times with tap water, tliree times ivith 
distilled water and three times with glass-distlllcd water. 
Tho tubes are then drained, dried in an electric oven and 
stored away from dust. 

The mean of tho three extinction values {E) for each 
buffered solution is obtained. The means for the blank and 
standard are used to fix the standard straight lino from 
which tho kin concentrations corresponding to tho E values 
for the four test solutions arc interpolated. Trom tho Mn 
concentration in the reaction mixture tho amount of kin 
derived from each sample can be calculated and hence the 
kin concentrations in fresh tissue, dried tissue and ash. 


RESULTS 

The above procedure -was developed ns a result of an 
exhaustive investigation of tho reaction conditions. 
The experimental findings can be summarized as 
follows: 

(a) A minimum of 1 pmg. of manganese is required 
for a single determination, but owing to variability 
m the colour intensity produced, three determina- 
tions must be made for each sample examined. In 
practice the sample should contain at least 6 umg. of 
manganese. With the reagents used in this method 
the extreme sensitivity (to 0-1 ^mg.) claimed by 
Jebelledy & Bartfai in 1936 for a catalytic method 
ot detectmg manganese was not attainable 
hands. 


m our 


(6) The manganese concentrations in the reaction 
mixture rtself could be determined to ±10% 

38-2 
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Table 1. Comparison of the catalytic and periodate methods 


Wt. of 


Estimated 

Total Mn 


liver taken 

Sample 

Mn 

from liver 

Mn content 

(g-) 

taken 

(f'g-) 

Periodate method 


(p.p.m.) 

9-98 

— 

27-2 

27-2 

2-73 

10-26 


27-3 

Catalytic method 

27-3 

2-67 

Mean 2-70±l% 

10-24 

1/100 

0-303 

30-3 

2-96 


1/100 

0-274 

27-4 

2-67 

10-36 

1/100 

0-262 

26-2 

2-53 


1/100 

0-265 

26-5 

2-56 

Mean 2-69 ±10% 


(deviation from the mean) over the range 0-4r- 
4-0 fimg./ml. and this permitted similar accuracy in 
determinations of the manganese contents of 
moderately large samples of tissue. With smaller 
samples (containing less than 10 ^mg. Mn) repro- 
ducibility was not quite so good, possibly owing to 
contamination, and the accmacy was about + 20 %. 
In Kun’s experience the accuracy attainable for the 
determinations of manganese concentration over the 
range 0-4r-40 /img./ml. was ± 15 %. 

(c) The rate of the reaction was directly pro- 
portional to the manganese concentration under the 
conditions already described. Kun obtained a 
logarithmic relationship but his experimental con- 
ditions differed considerably from ours. 

(d) The possibility of interference was studied for 
the following ions ; Cr+++, Co++, Cu++, Fe++, Ni++, 
Mg++, K+, Hg++, Sn++, Pb++ and Zn++. In each case 
phosphate ions were present in the bizffer. The only 
effect noticed was that the first three ions exerted 
an inliibitory effect, but in no case was it shown at a 
concentration small enough to have relevance to the 
determinations on tissues. 

(e) To obtain satisfactory results the pH must be 
kept constant to within OT rmit. The reagents need 
to be kept overnight in the instrument room and the 
actual determinations on the spectrophotometer 
must only be made when the room temperature is 
steady. 

(/) By using diethylaniline hydrochloride solu- 
tion containing excess hydrochloric acid, it was 
found that the reagent need not be freshly prepared, 
but should not be more than a fortnight old. 

{g) It was important to adhere exactly to the 
procedure described for mixing the solutions, other- 
wise the intensities of absorption and the shape of 
the standard curve varied markedly. 

(/i) The addition of hydrochloric acid to the ash 
and subsequent evaporation to dryness is an 
essential step in ensuring that the ash is soluble in the 
buffer. It also serves to convert any i\In++++ or 
lSIn+++ present in the ash to jMn++. The hydrochloric 
acid contained a trace of manganese, even when 


prepared as described (p. 595), and allowance had to 
be made for this in working out the results. 

(i) Excellent agreement was obtained when the 
manganese content of ox liver was determined by 
both the catalytic method and the periodate 
method using large samples. The results of such an 
experiment are given in Table 1. 

Table 2. Comparison of the catalytic and periodate 
methods using small samples for the former and 
silica or platinum crucibles for both 


Wt. of liver Estimated Mn Mn content 
(g.) (fig.) (p.p.m.) 

Periodate method (silica crucibles) 

3-05 6-5 2-1 

2-90 5-0 1-7 

2-18 4-0 1-8 

Mean l-9±n% 

Periodate method (platinum crucibles) 

1- 90 4-5 2-4 

2- 11 4-7 2-2 

Mean 2-3 ±4%. 

Catalytic method (silica crucibles) 

(mg.) ^ (/nng.) 

2-47 6-2 2-5* 

1-24 6-1 4-1* 

1-18 0-6 0-5* 

1-23 1-8 1-5* 

Mean 2-2 ±77%* 

Catalytic method (platinum crucibles) 

1-14 9-9 8-7 

1-12 8-6 6-8 

Mean 7-8 ±13% 


* These results show that the method is only 
quantitative for amounts of material as small as about 
Img. 

(y) Samples ashed below 660° in silica crucibles 
lost some manganese by combination with the 
silica and were therefore expected to give low 
results. When very small samples for determination 
by the catalytic method were ashed in platinum 
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crucibles, however, the results obtained were higher 
than those obtamed by the periodate method using 
larger samples also ashed in platinum crucibles. The 
results obtained by the catalytic method using very 
small samples ashed in silica crucibles agreed well 
with those (presumably the true ones) obtained by 
the periodate method using platinum crucibles. 
This was presumably due to a fortuitous compensa- 
tion for the loss due to combination with the silica 
by some unlmown faetor. Table 2 illustrates this 
point ndth the results obtained when the method was 
applied to a protein powder prepared from ox liver. 


{in) Wicn the sample examined (o.g. blooil) con- 
tained a largo excess of iron the reaction mixture 
was coloured green atid the readings obtained at 
470 m/i. wore below those for the blank. Thus 
determination of manganese in such material by the 
catalytic method was not possible. 

Mechanism of the reaction 

No direct attempt has been made to elucidate the 
mechanism of the catalytic process, but the develop- 
ment of the method yielded some relevant informa- 
tion. 


Table 3. Results of experiments with added manganese 


Sample content (p.p.m.) 

....r Afn A . 


of tissue 

Mn added 

lln estimated 

1 ^ 

^ 

(Mg') 

(fung.) 


Estimated 

Calculated 

54-2 

Nil 

11-7 

0-23 


54-2 

NU 

10-7 

0-20 

Mean 0"21 


54-2 

100 

211 

0-39 


54-2 

lO'O 

25-2 

0-4C 

Jfean 0-43 

0-39 

64-2 

20-0 

29-8 

0'55 


54-2 

200 

3G-2 

0C7 

Mean 0-64 

0-58 

54-2 

30-0 

41-8 

0-77 


54-2 

SO'O 

38-6 

0-71 

Mean 0'74 

0-70 


This table also shows that, for samples containing 
less than 5 pmg. of manganese, the deviation of the 
results from the mean is no longer within + 20 %. 
Kun observed good agreement between his catalytic 
method and a method based on the oxidation of 
manganese to MnO^, but in making the comparison 
he used relatively large samples only. 

(fc) A puzzling phenomenon was observed in some 
calibration experiments. The usual procedure of 
adding known amounts of manganese to the ash of 
a sample and determining the manganese present 
was followed. The individual differences between 
calculated and observed manganese content bore no 
relation to the relative amount of added manganese 
and the observed values were, on the average, 10 % 
higher. Table 3 gives the results of one such experi- 
ment in which eight samples of an acid solution of 
an ox eye-tissue (sclera) ash were evaporated in 
separate crucibles, known amounts of manganese 
being added to six of them. The manganese in all the 
crucibles was then determined. 

(i) It was hoped that by omitting the phosphate 
constituent of Kun’s buffer the catalytic method 
might be adapted to the determination of man- 
ganese in bone but interference by the large excesses 
of calcium and phosphate ions proved an insur- 
mountable obstacle. 


It appears tliat the potassium periodate oxidizes 
Mn++ to MnO, probably by the mechanism studied 
by Stricldand & Spicer in 1949. The JilnOj then 
oxidizes the diethylaniline to a l;4-quinonoid com- 
povmd, possibly a diquinono of the typo 



The manganese is then reoxidized to MnO^ by the 
periodate. Under conditions where there is excess of 
periodate and diethylaniline, as in the early stages 
of the reaction, a direct relationship between 
manganese concentration and rate of reaction 
would be expected when only a trace of the catalyst 
is present. 

SUMMARY 


1. A procedure for the determination of amounts 
of manganese of the order of 6 ^mg. is described. 
Precise adherence to the instructions is essential for 
the success of the method. 


Illation of manganese in bone, nor, without further 
study, to manganese in blood. 


financial assistance. 
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The Manganese in Bone 

By H. fore and R. A. MORTON 
Department of Biochemistry, The University of Liverpool 

{Received 3 November 1951) 


Manganese is generally agreed to be essential for the 
prevention of perosis, a bone deformity of chicks and 
turkeys, and it may perhaps also be essential for 
normal bone formation in mammals. Tire mode of 
action of manganese in calcium and phosphorus 
metabolism has not been established but a role as 
activator of phosphatase has been suggested because 
chicks receiving added manganese show a rise in the 
manganese content of bone and an increase in 
phosphatase activity. 

The present work is concerned not only with the 
manganese content of bone but also with the 
distribution of the element among its constituent 
parts, in the hope of finding new evidence pertinent 
to the elucidation of function. 

experimental 

Analytical methods 

Emission spectrography. A lattrow type quartz spectro- 
graph (Hilger Ef) was used in two settings covering the 
regions 2260-2880 and 2870-5050 A. on 10 x 4 in. 
(25 X 10 cm.) plates. The light source was a d.c. arc (230 V.) 
between graphite or graphite-copper electrodes. Por most 
of the work the copper-on-graphite electrodes were used; 
two 1 cm. lengths of pure copper rod (5 mm. diam.) were 
pushed into holes bored into the ends of graphite rods 
(9-5 mm. diam.). When the arc was running the electrodes 
became much hotter than simple copper electrodes and trace 
metals present in ash placed on the lower electrode were well 
volatilized into the flame. The raies uUimes of Mn (4030-8, 
4033-1, 4034-5 A.) are easily obscured by cyanogen emission 
bands when graphite electrodes are used and are only shown 
■with the copper-on-graphite arc (5 amp., 3 min. exposure) 
when the Mn concentration in bone ash is between 1 and 
10 p.p.m. The 2800 A. triplet (2794-8, 2798-3 and 2801-1 A.) 
was more readily recorded than the hin II raies ultimes 
(2576-1, 2593-7 and 2605-7 A.) and could be seen using 
graphite or copper on graphite electrodes at 1-10 p.p.m. Mn. 


Calcium phosphate (Ca3(P04)2) prepared from Analar 
NajHPO^ and CaClj revealed added kin at 6 and 10 p.p.m. 
clearly, 2 and 4 p.p.m. -with less regularity and certainty, 
and failed to show up 1 p.p.m. 

Periodate method. The method of Skinner & Peterson 
(1930) was used in a modified form ensuring complete solu- 
tion of the sample in H3PO4 . 

Materials and procedures 

Fresh ox femurs from the abattoir were used. 

(i) After removing flesh and marrow, the bone was out 
into sections which were then reduced to shavings on a 
lathe, taking care to avoid contamination. The sha'vings, 
consisting of both compact and cancellous bone, were sub- 
jected to extraction ■svith glass-distilled water saturated 
■with CHCI3. Three fractions were obtained, an aqueous 
phase, the residual shavings, and fat removed by means of 
ether from the extract. The bone marrow was shaken with 
ether for 4 hr. and on standing aqueous and ethereal phases 
separated, -with gelatinous material at the interface. Much 
of this material appeared to consist of cell-wall debris from 
the marrow tissue, and was subsequently separated and 
washed with glass-distUled water. The two aqueous extracts 
were separately evaporated to dryness and the residues 
incinerated. The two ethereal extracts were washed with 
water, dried over Na^SO^, and the ether removed from 
measured portions and the residues burned off. The sha'vmp 
and the ‘ cell- wall debris’ were each dried and ashed. The six 
samples of ash were examined spectrographically on 
graphite and on copper-on-graphite electrodes. 

(ii) (a) Fresh bone sha'vings were decalcified as follows: 
shavings (20 g.) were shaken -with O-IN-HNO3 (1 1.) made 
from redistilled acid diluted -with glass-distiUed water. The 
suspension was filtered and the filtrate and residue subjected 
to emission spectrum analysis. 

(6) The above treatment was repeated on a fresh sample 
(20 g.) and the residual shavings were left to stand over- 
night in a further 0-5 1. of O-In-HNOj. The second extract 
and the (largely organic) residue were examined spectro- 
graphically. The very small amount of ash from the decalci- 
fied material was diluted -with ‘speopure’ (NH4)2S04. 
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physcal and dinphysoal bono. Manganese wna 
detcctablo only in the ash from tho epiphyseal 
extract. In any case there was no sign ofprofcrcntinl 
extraction of manganese as a congener or integral 
part of phosphatase. 

Exp. (iv) showed clearlj’’ that tho I'jorcentago of 
ash varies for tho different portions of femur 
(Table 1). 

Table 1. Ash conlents of various parts 
of an ox femur 


(m) tvpes of shavings were obtained from an ox Exp. (iii) showed that alkahno phosphatase could 

feiur namel^compact hone from the shaft and cancellous bo extracted by means of water IVom both op- 
bone tissue from the head of tho femur. Aqueous extracts ■ ’ ’ ’ " 'ttnr.rrnno.jn VOS 

from each type of material were made and portions were 
incubated with disodium phenylphosphate at pH 9 with 
suitable controls. After 16 hr. tho solutions were tested for 
free phenol using 2:6-diohloroquinono chloroimido. Tim 
extracts were also tested spectrographically for hin. 

(iv) Another fresh ox femur was cut into sections and tho 
marrow removed as completely as possible. Tho different 
portions of bone consisted of (a) predominantly epiphyseal 
bone from the head, (6) a mixture of epiphyseal and dia- 
physeal bone, and (c) diaphyseal bone from the shaft. 

The separate portions of bone were incinerated and tho 
proportions of ash determined. 

(v) A portion of bone shaft was cleaned and turned on tho 
lathe. Three experiments were carried out on the shavings. 

(a) 30 g. were packed in a ‘chromatography’ tube and 
covered with 0-lN-oitric acid solution (made up in glass- 
distilled water) . A dropping funnel was affixed to tho top by 
means of a rubber bung and 3 1. of citric acid solution were 
allowed to percolate slowly through the shavings. Tinally 
the contents of the tube were removed, dried and inciner- 
ated; the percolate was also dried and reduced to ash. The 
ash ftom the partly decalcified shavings was examined 
spectrographically and the ash from the percolate was 
analysed for I*In by the periodate method. (6) IG-O g. of 
shavings were treated similarly and 9-3 g. of ash were ob- 
tained from the percolate and 0'31 g. from the residue in tho 
tube. Both fractions were tested for Mn. (c) 30 g. of shavings 
were treated as before and the percolate collected in five 
fractions which were dried and incinerated separately. Tho 
residue in the tube consisted of an upper translucent portion 
and a lower opaque portion ; the two portions were separated 
and each reduced to ash and examined for Mn. 



Wt. of 
bono 

Wt. of 
nsh 

Percentage 


(e.) 

(e-) 

ash 

Epipliyscol portions 

118 

37 

31 

(near head) 

97 

26 

27 

157 

51 

32 


153 

52 

34 

Diaphyseal 

23 

13 

57 

(shaft) 

23 

13 

57 

Mixed type 

95 

37 

39 

142 

54 

38 


RESULTS 

Exp. (i) showed that the water-extracted shavings 
contained manganese (<5p.p.m.), but the ash 
from soluble material certainly contained no more. 
The aqueous extract from the bone marrow did not 
contain detectable amounts of manganese, but the 
ash from the cell-wall debris was richer than the 
total ash; it was enriched in manganese (10 p.p.m.) 
and in all other metals detected in bone (Al, B, Ba, 
Cu, Fe, Mg, hja, Pb, Sn, Sr and Zn) except potas- 
sium. Manganese was also detectable in the ash 
from both fatty fractions. The experiment showed 
that only a minute fraction of the total manganese 
in bone was present in a water-soluble form, and on 
the assumption that the bone phosphatase is 
extractable, little if any manganese can be directly 
attached to it. The small amount of manganese 
accompanying the fat may have been attached to the 
phosphoric acid residues of phospholipins. 

Exp. (ii) showed that the organic matter remain- 
ing after decalcification with nitric acid retained a 
small amoimt of inorganic matter which 


Exp. (v) (a) yielded 14*4 g. of ash from tho per- 
colate and 2*8 g. of ash from the residue in tho tube 
(i.e. 67*2% ash on the 30 g. used), Tho manganese 
content of the percolate was estimated, by a colori- 
metric procedure using periodate oxidation, to bo 
8 fig. Tire bone shavings were estimated to contain 
15 pg. so that approximately half the manganese rvas 
retained. Similarly, in Exp. (v) (6), 16-6 g. of shav- 
ings yielded 9-3 g. of ash from the percolate and 
0-31 g. from the residue, and it is estimated that . 
. approximately one-fifth of tho total manganese was 
retained in the latter. In Exp. (v) (c) 56 % of ash 
was obtained altogether, and within experimental 
error the manganese was extracted with the cal- 
cium phosphate, at first slowly and then more 
quickly. The proportion of the total manganese 
remaining in the translucent residue was quite 
small, but expressed in p.p.m. on the ash it was hich 
(100 p.p.m.). 

The diaphyseal bone ash contained 1-44 p.p.m. 

{ ± 5 %) of manganese and the epiphyseal bone ash 
1’41 p.p.m. ( + 15%). Now the fresh diaphyseal 
bone contains 57% of ash so that the manganese 
content is about 0-61 p.p.m. The fresh epiphyseal 
bone contains 31 % of ash corresponding with about 
0-27p.p.m. of manganese. Thus, although the 
manganese content of bone varies along its length 
this 18 due entirely to the varying amount of 


01 inorganic matter which was richer calcium nhosnhate denneito,; _ 

(on ashing) m manganese, copper, and iron than the that mnS +1., * tisposited. It may be concluded 
original ash from the untreated shavinas The Mn -or’ tv, +v, • manganese m ox bone is deposited 
content was about 50 p.p.m ® ^ Tfi 't f proportion is 

definitely associated with the organic matrix. 
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Compared with the total, the amount of manganese 
(if any) which is attached to water-soluble phos- 
phatases is negligibly small. 

SUMMARY 

1. Spectrographic studies and determinations 
based on periodate oxidations show that the man- 
ganese content of ox femur is of the order 0-27- 
0’51 p.p.m. depending on the tj^e of bone, compact 
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or cancellous. Irrespective of the type this corre- 
sponds to about 1-4 p.p.m. expressed on the ash. 

2, Most of the manganese is associated 'with the 
inorganic matrix, but a small proportion is bound to 
the organic matrix. 

3. Little manganese, if any, accompanies the 
water-soluble alkaline phosphatase. 

We are indebted to the Medical Research Council for 
financial assistance to the Department. 
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Manganese in Rabbit Tissues 

By H. fore and R. A. MORTON 
Department of Biochemistry, University of Liverpool 

(Received 3 November 1951) 


Although many papers have appeared on the 
manganese contents of the tissues of various 
animals, in no case has a survey been recorded of the 
concentrations in all the tissues of a single animal. 

Such a survey might provide a better clue to 
function than comparisons of the manganese 
contents of tissues from different individuals or 
species. 

EXPERIMENTAL 
Animals and materials 

The rabbit was chosen for this investigation because it is of a 
convenient size for obtaining reasonable amounts of small 
bodies such as the pituitary and pineal glands. Four animals 
were used; samples of most tissues were obtained from an 
adult female chinchilla and of the other tissues from the 
remaining three. Specimens of incompletely separated 
adrenal cortex and meduUa, thymus and thyroid were 
obtained from a resting adult female chinchilla; specimens 
of mammary gland, thyroid and lung were obtained from 
a lactating female albino, and samples of pancreas, thyroid, 
testes and spinal cord from an adult male chinchilla. liver 
samples from each animal were used as controls. The pineal 
and pituitary glands from the last two animals were ex- 
amined. The separation of the duodenal mucosa and muscu- 
laris tissue was only approximate. All dissections were 
made with carefully cleaned stainless-steel instruments. 

Using portions of kidney and liver from the first rabbit, 
homogenates were prepared and dialysed in cellophan bags 
against changing glass-distilled water for 10 days, toluene 
being added as preservative. The residue in each bag was 
divided into two portions and the Mn content of each 
determined. 


Method of analysis 

Mn was determined by a modification (Fore & Morton, 
1952a) of a method described by Kun (1947) based on the 
catalytic oxidation of diethylaniline by jln++ and periodate 
to give a coloured product absorbing at 470 mp. The experi- 
mental error is from ± 10 to ± 20 % depending on the size of 
the sample. 

RESULTS 

The findings on rabbit tissues are recorded in Table 1 • 
The manganese contents based on fresh tissue weight 
are listed in decreasing order in Table 2. For com- 
parison, (a) the values reported in the literatme for 
each rabbit tissue have been averaged, and (6) the 
values reported for each type of tissue irrespective of 
species have been averaged. The published figures 
for the rabbit were obtained from papers by 
Bertrand & Medigreceanu (1912a, 6; 1913), EUis, 
Smith & Gates (1947), Lorenzen & Smith (1947), 
Lund, Drinker & Shaw (1921), Ray (1938) and 
Richards (1930). The figures in the right-hand 
column of Table 2 are averages obtained by 
attaching the same weight to all the published 
figures which can be traced. The number of papers 
consulted is about thirty-five and a full Ust of 
references would take up too much space. 

The results of the dialyses are given in Table 3, 
and if the figures 2-0 and 1'2 p.p.m. are accepted for 
the manganese contents of the liver and kidney 
homogenates, respectively, it appears that in the 
liver 74 % of the manganese, 7 2 % of the dry matter 
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Table 1. Experimental data on rabbit tissues 


Tissue 

Pituitary 
Pituitary 
Pituitary 
Grey hair 
White hair 
Hide 
Fascia 
Spleen 

Bone marro'w 
Ileum 

Kidney (one) 

Duodenum 
Mucosa 
Musoularis 
Salivary gland 
Stomach ■ 

Caecum 

Bile 

Heart 

Liver 

Liver 

Liver 

liver 

Pancreas 

Pancreas 

Adrenals (two) 

Cortes 
Medulla 
Ovaries (two) 

Mammary gland 

Mammary gland (lactating) 

Brain 

Muscle 

Pineal 

Pineal 

Gall bladder 

Nerve 

Thyroid 

Thyroid 

Thyroid 

Testes (two) 

Spinal cord 

Lung 

Thymus 


Ash as 


Fresh 

tissue 

Dry 

%of 

%or 

wt. 

matter 

fresh 

dry 

(gO 

(%) 

tissue 

tissue 

00078 

12 

— 

— 

0-0071 

14 

— 

— 

0-0063 

24 

— 

— 

0-713 

90 

1-5 

1-6 

0-816 

87 

0-56 

0-65 

1-32 

46 

0-72 

1-6 

4-97 

23 

1-1 

4-7 

1-51 

22 

1-0 

4-5 

0-640 

63 

0-99 

1-8 

0-723 

18 

1-1 

6-0 

7-11 

26 

1-3 

4-9 

1-41 

20 

1-2 

6-1 

1-03 

IS 

1-2 

6-8 

2-22 

- 17 

0-91 

5-5 

1-42 

22 

1-6 

7-1 

1-75 

23 

1-1 

4-7 

1-08 

17 

0-79 

4-7 

1-61 

20 

1-7 

8-5 

1-06 

22 

1-0 

4-5 

3-84 

30 

1-6 

5-3 

3-03 

29 

1-5 

5-3 

2-79 

24 

1-2 

4-9 

3-29 

25 

1-2 

4-9 

0-223 

74 

1-1 

1-5 

0-297 

26 

1-5 

5-8 

0-342 

49 

1-5 

3-1 

0-290 

42 

1-1 

2-7 

0-027 

39 

— 

— 

0-684 

23 

1-5 

6-3 

1-88 

62 

0-31 

0-50 

0-738 

45 

1-2 

2-7 

2-75 

22 

1-5 

6-9 

2-07 

23 

1-2 

6-0 

0-0061 

15 

— 

— 

0-0018 

— 

— 

— 

0-431 

27 

1-7 

6-6 

0-178 

41 

1-4 

3-5 

0-0798 

34 

1-3 

3-7 

0-122 

33 

0-25 

0-75 

0-112 

26 

1-3 

4-7 

0-0421 

32 

— 

— 

0-393 

31 

1-7 

5-5 

0-868 

18 

0-99 

5-4 

0-018 

67 

— 

— 


Manganese content in p.p.tn. in 
— * 


Fresh 

Dried 

Ash 

tissue 

tissue 

3-9 1 

34 1 

— 

1-4 12-4 

9-7 ) 17 

— 

1-8) 

7-6 ) 

— 

0-99 

1-1 

67 

0-98 

1-1 

170 

0-38 

0-82 

53 

0-024 

0-10 

2-2 

0-22 

0-97 

21 

0-045 

0-087 

4-7 

1-7 

9-0 

100 

1-2 

4-7 

97 

M 

5-6 

92 

1-6 

8-6 

130 

0-50 

3-1 

55 

1-4 

6-2 

88 

1-0 

4-4 

95 

0-82 

4-9 

100 

0-48 

2-4 

28 

0-28 

1-3 

28 

2-0 1 

6-7 1 

1301 

2-2 2-1 

7-0 7-9 

140 f 100 

2-0) 

8-4) 

170 ) 

2-2 

8-7 

180 

1:^1 

2-11 4.0 

0-2 r*' 


0-67 

1-3 

44 

0-56 

1-3 

50 

0-60 

1-5 


0-60 

2-0 

41 

0-25 

0-41 

82 

2-2 

4-8 

ISO 

0-36 

1-6 

24 

0-13 

0-56 

11 

1 2-3 

0-83 1 ^ 

26 t,. 

3-3) 

— 

0-91 

3-4 

53 

0-086 

0-21 

0-1 

0-29) 

0-84) 

23 1 

0-21 0-24 

0-64 0-76 

85)42 

0-21 ) 

0-79) 

17 f 

0-36 

1-2 


0-39 

1-3 

23 

0-011 

0-061 

1-1 

0-45 

0-67 



and 92 % of the ash was dialysable. In the kidney 
41 % of the manganese, 49 % of the dry matter and 
88 % of the ash was dialysable. 

DISCUSSION 

Although simple distribution studies of elements or 
compoimds have in some instances provided 
valuable clues to specialized function the figures 
given in Table 2 do not indicate a localized role. The 
ubiquitous occurrence of manganese in the animal 
body suggests a role in general cell metabolism as 
opposed to metabohe processes characteristic of 
particular tissues. Such a role for manganese would 
not of coi^e exclude other roles restricted to those 
tissues with a specially higher manganese content. 


Dialysis of kidney and liver homogenates showed 
that some of the manganese is loosely held and some 
of it very firmly combined. If it is assumed that in 
all tissues having somewhat higher manganese 
contents, a portion of the manganese is dialysable, 
then the already narrow range for total manganese 
(Table 2) becomes even narrower for the ‘bormd’ 
manganese. The small range of manganese concen- 
taations is consistent with a general metabolic role. 
The fact that little or no dialysable manganese is 
present m ox retinas which contain only 0- 13 p p m 

l®52c) supports 

the idea that it is only those tissues relatively rbh in 
mmganese which contain the element in dialysable 
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Indications have been obtained in other work 
(Fore & Morton, 19526) that some of the man- 
ganese in bone and bone marrow is attached to the 
cell membranes. It is therefore interesting to con- 
sider the average proportion of manganese to protein 
in the tissues. If 0'5 p.p.m. (Table 2) is taken as 
the approximate tissue content of non-dialysable 
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protein would need to have a molecular weight of the 
order 10®. This figme, though large, is not impossibly 
so since, for example, the muscle protein myosin 
has a molecular weight of that order. The concept of 
manganese attached to the cell membrane is not 
entirely new. Albert, Rubbo, Goldacre & Balfour 
(1947) suggested that oxine inliibited bacterial 


Table 2. Rabbit tissues arranged in order of decreasing manganese content 





Average 




Average 




of figures 




of figures 



Averages 

recorded 



Averages 

recorded 

Mn content 

of figures 

in the 


Mn content 

of figures 

in the 

in fresh 

recorded 

Eterature 


in fresh 

recorded 

literature 


rabbit 

in the 

for a wide 


rabbit 

in the 

for a wide 


tissue 

literature 

range of 


tissue 

Eterature 

range of 

Tissue ( 

p.p.m.) 

for rabbit 

species 

Tissue 

(p.p.m.) 

for rabbit 

species 

Bone (long) 

— 

3-5 

3-3 

Adrenal meduEa 

0-60 

— 

— 

Pituitary ■ 

2-4 

— 

2-5 

Adrenal cortex 

0-56 

— 

— 

Pineal 

2-3 

— 

— 

Duodenal muscularis 0-50 

— 

— 

Mammary gland 

2-2 

— 

0-26 

BEe 

0-48 

— 

0-90 

(lactating) 




Thymus 

0-45 

— 

1-6 

Liver 

2-1 

1-9 

2-5 

Spinal cord 

0-39 

— 

0-60 

Deum 

1-7 

— 

— 

Hide 

0-38 

0-20 

0-40 

Duodenal mucosa 

1-6 

— 

— 

Intestine 

— 

0-38 

0-45 

Pancreas 

1-6 

2-3 

1-9 

Testes 

0-36 

0-40 

0-50. 

Salivary gland 

14 

— 

1-1 

Brain 

0-36 

0-60 

0-40 

(submaxilliary) 




Uterus 

— 

0-35 

0-33 

Kidney 

1-2 

M 

1-2 

Heart 

0-28 

0-21 

0-34 

Duodenum 

1-1 

— 

1-9 

Mammary gland 

0-25 

— 

0-14 

Stomach 

1-0 

0-90 

0-80 

(resting) 




Colon 

— 

1-0 

0-75 

Th3rroid 

0-24 

— 

0-55 

Hair 

0-99 

1-2 ■ 

2-4 

Spleen 

0-22 

0-55 

0-40 

GaE bladder 

0-91 

1-0 

1-1 

Muscle 

■ 0-13 

0-14 

0-18 

Caecum 

0-82 

043 

0-43 

Milk 

— 



0-045 

Salivary gland 

— 

— 

0-70 

Bone marrow 

0-045 

— 

<0-0o0' 

(parotid) 




Blood 

— 

0-03 

0-040 

Intestine (smaU) 

— 

0-70 

0-45 

Fascia 

0-024 

— 

— 

Adrenals 

0-67 

— 

0-40 

Lung 

0-011 

0-47 

0-20 

Lymph nodes 

— 

— 

0-65 

Urine 

— 

0-00 

0-004 

Ovaries 

0-60 

— 

0-55 

Parathyroid 

— 

— 

— 

Table 3. Retention of manganese after dialysis of rabbit liver and kidney homogenates 




Dialysis residue 

Ash 




Wt. of tissue 


t 

S 

on dry ] 

Mn from 

Mn (p.p.m.) on 

homogenate 


Dry ^vt. 

Ash wt. 

matter 

sample r 

A 



(g.) 


(gO 

(mg.) 

(%) 

iumg.) 

Dry wt. 

Ash wt. 

13-9 g. liver 


0-593 

8-6 

1-5 

4060 

6-9 

470 



0-583 

9-6 

1-6 

3410 

5-8 

360 

Totals 


1-177 

18-2 



7470 





Means 


— 

— 

1-6 


6-4 

420 

5'67 g. kidney 


0-342 

4-5 

1-3 

2270 

6-6 

510 



0-402 

4-8 

1-2 

1750 

4-4 

360 

Totals 


0-744 

9-3 

. — . 

4020 




Means 


— 

— 

1-3 


5-5 

440 


manganese and 10% as an average for protein in 
tissue, then the proportion of manganese with 
respect to the protein is 5 p.p.m. There will thus be 
55 parts of manganese to 11 million parts of protein 
and assuming one (or two) molecules of protein per 
atom of manganese a protein of very high molecular 
weight is implied. If the manganese is, however, 
preferentially attached to the cell-wall protein such 


growth by combining with essential metals in the 
bacterial surface, and Gale (1949) has shown that 
oxine inliibits glutamic acid assimilation in bacteria 
by combination with a metal in the cell, probably 
manganese. 

The relatively high manganese contents of liver 
and lactating mammary gland coiild be accounted 
for, at least in part, by a high arginase content, and 



^,IAKGANESE in 

the somewhat high manganese content in the tissues 
of the intestinal tract might similarly bo attributed 
to manganese present as part of the peptidase 
system. 

SUHniARY 

1 . The manganese content s of rabbit tissues have 
been determined, and the results compared with 
those obtained by previous workers. 

2. The range covered by the results is narrow. 


RABBIT TISSUES 

especially as some of the tissues relatively rich 
in manganese contain much of it in dialysablo 

form. . 

3. It is suggested that manganese participates m 

general cell metabolism while attached to the cell- 

wall protein. 

We are indebted to the !Medical Research Council for 
financial assistance, and to Prof. R. A. Gregory of the 
Department of Physiology of this University for certain 
inicrodisscctions. 
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Manganese in Eye Tissues 

By H. FORE and R. A. MORTON 
Department of Biochemistry, The University of Liverpool 

(Received 3 jWouember 1951) 


As part of a programme of research on the bio- 
chemistry of vision the manganese contents of the 
eye tissues of the ox have been determined. The only 
similar study appears to be that of Tauber & Krause 
(1943), who used an extension of the periodate 
method (Wiese & Johnson, 1938) on samples ob- 
tained by taking tissues from the eyes of a large 
number of oxen. The method used here is the 
modified catalytic method (Fore & Morton, 1952a); 
it is sufficiently sensitive to he applicable to the 
tissues from single eyes. 

EXPERIMENTAL 

I^ft and right eyes from each of two oxen were studied 
separately. After removing muscle, etc,, attached to the 
sclera, each eye was dissected using carefully cleaned stain- 
less-steel instruments. Separation, of the tissues was com- 
plete except perhaps for the conjunctiva, and minute 
fragments of iris tissue were sometimes present in the sample 
of vitreous humour. The optic nerve was cut out of the 
sclera, leaving no nerve tissue in the sclera sample, from 
which choroid pigment was carefully removed. The cornea, 
lens, sclera, optic nerve and conjunctiva were washed with 
glass-distilled water and touched on filter paper (Whatman 
no. 50) before weighing. The retina, choroid and the vitreous 
and aqueous humours were placed directly into crucibles. 


The iris, which adheres to the delicate membrane retaining 
the vitreous humour, was touched on filter paper to remove 
traces of vitreous humour. 

In a later experiment a retinal homogenate was prepared 
from about forty ox retinas, toluene added and the brei 
dialysed against changing glass-distilled water. Tlie Jin 
contents of samples removed from the ccUophan bag at 
70 and 180 hr. were determined by the modified catalytic 
method. 

RESULTS 

The results of the manganese determinations of the 
eye tissues are given in Tables 1 and 2. In Tables 3-5 
the tissues are arranged in order of decreasing 
manganese content alongside the values obtained 
by Tauber & Krause, who did not examine the 
aqueous humour nor the contents on an ash-weight 
basis. 

The results of the dialysis experiment are given in 
Table 6. The weight of the homogenate used for 
dialysis expressed as dry weight (*) was calculated 
using the percentage dry weight (not given) 
obtamed for two samples of the homogenate. Then 
from the manganese content of these samples and 
the calculated dry weight, the absolute amount of 
manganese m the homogenate used for the dialysis 

IT) WRS r»hfair»o/l ^ 
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Table 1. Experimental data on ox eye tissues 


First experiment Second experiment 



Wt. of 
fresh 

Dry 

Ash on 
fresh 

Sin 

from 

Wt. of 
fresh 

Dry 

Ash on 
■ fresh 

'Mn 

from 


tissue 

matter 

tissue 

tissue 

tissue 

matter 

tissue 

tissue 

Tissue 

(g-) 

(%) 

(%) 

(p-mg.) 

(g-) 

(%) 

(%) 

(F®g-) 

Conjunctiva 

1-10* 

20 

0-39 

286 

0-169 

19 

1-0 

21-0 

0-601* 

30 

0-56 

164 

0-085 

19 

0-83 

19-6 

Cornea 

0-723 

18 

0-57 

33-4 

0-666 

22 

0-95 

26-3 

0-788 

18 

0-72 

Lost 

0-644 

23 

0-89 

27-8 

Aqueous humour 

1-25 

1-3 

0-85 

12-8 

1-62 

1-2 

0-94 

21-8 

0-937 

1-3 

0-86 

14-3 

1-63 

1-2 

0-88 

15-7 

Iris 

0-678 

16 

0-77 

71-0 

0-860 

18 

0-92 

113 

0-821 

14 

0-93 

104 

0-838 

18 

1-2 

91-0 

Lens 

2-54 

34 

0-68 

31-6 

2-41 

35 

0-70 

16-7 

2-39 

40 

0-73 

29-1 

2-36 

36 

0-71 

24-8 

Vitreous humour 

13-8 

1-2 

0-86 

110 

16-8 

1-1 

0-81 

83-5 

12-2 

1-3 

0-87 

163 

16-2 

1-1 

0-82 

104 

Retina 

0-624 

11 

0-87 

112 

0-760 

12 

0-90 

76-8 

0-656 

11 

0-93 

91-5 

0-715 

13 

1-0 

71-7 

Choroid 

0-514 

18 

1-07 

69-1 

0-480 

21 

1-3 

49-8 

0-429 

18 

1-21 

57-8 

0-445 

20 

1-4 

45-3 

Solera 

5-15 

27 

0-48 

675 

6-58 

30 

0-43 

1010 

5-00 

29 

0-54 

1130 

5-42 

30 

0-53 

920 

Optic nerve 

0-463 

28 

1-06 

36-8 

0-639 

28 

1-2 

9-0 

0-399 

32 

1-15 

39-8 

0-962 

27 

1-2 

12-9 


* Possibly contaminated with solera. 


Table 2. Manganese and ash contents of ox eye tissues determined in the present work 
and compared with the findings of Tauber cEr Krause (1943) 

(Figures in brackets are the extreme values for individual determinations.) 

Manganese (p.p.m.) of 

Ash on ! — ' 

fresh Fresh tissue Dried tissue 


Tissue 

tissue 

(mean) 

(%) 

, V 

Present 

work 

Tauber & 
Krause 

/ 

Present 

work 

, 

Tauber & 
Krause 

Ash 

Conjimctiva 

0-70 

0-23 

(0-13-0-27) 

0-10 

(0-069-0-11) 

1-0 

(0-68-1-3) 

0-28 

(0-23-0-37) 

39 

(12-67) 

Cornea 

0-80 

0-044 

(0-04-0-046) 

0-11 

(0-094^-13) 

0-24 

(0-18-0-29) 

0-44 

(0-37-0-49) 

6-4 

(4-2-S-2) 

Aqueous humour 

0-89 

0-012 

(0-010-0-015) 

— 

0-98 

(0-78-1-2) 

— 

1-5 

(1-1-1-8) 

Iris 

0-93 

0-12 

(0-11-0-13) 

0-24 

(0-21-0-29) 

0-73 

(0-62-0-89) 

0-92 

(0-79-1-2) 

13 

(9-14) 

Lens 

0-71 

0-010 

(0-007-0-012) 

0-18 

(0-14-0-22) 

0-031 

(0-02-0-037) 

0-62 

(0-41-0-63) 

1-5 

(1-1-8) 

Vitreous humour 

0-85 

0-008 

(0-005-0-013) 

0-031 

(0-019-0-042) 

0-69 

(0-44-1-1) 

1-6 

(0-93-2-1) 

0-95 

(0-6-1-5) 

Retina 

0-93 

0-13 

(0-10-0-18) 

0-32 

(0-24r-0-39) 

1-1 

(0-8-1-6) 

2-6 

(2-0-3-2) - 

15 

(10-21) 

Choroid 

1-2 

0-12 

(0-10-0-14) 

0-21 

(0-17-0-32) 

0-63 

(0-50-0-76) 

0-71 

(0-69-1-1) 

9-9 

(6-6-13) 

Sclera 

0-50 

0-18 

(0-13-0-23) 

0-09 

(0-078-0-13) 

0-61 

(0-48-0-77) 

0-32 

(0-26-0-42) 

36 

(27-43) 

Optic nerve 

1-1 

0-052 

(0-013-0-10) 

0-26 

(0-22-0-31) 

0-18 

(0-049-0-31) 

1-0 

(0-83-1-2) 

4-7 

(1-1-8-7) 




